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CHAPTER  1 
INTRODUCTION 

Perovskite  materials  have  been  intensively  studied  due  to  their  piezoelectric, 
pyroelectric,  ferroelectric,  and  electro-optic  properties.  These  properties  make  perovskite 
materials  attractive  for  various  applications  such  as  ferroelectric  random  access  memory 
(FRAM),  sensors,  actuators,  waveguide,  and  microwave  devices. 

Bulk  materials  for  some  applications  have  been  investigated.  For  semiconducting 
technology,  thin  films  are  studied  for  device  applications. 

Ferroelectric  materials  can  be  grown  in  the  form  of  an  oxide  thin  film  on  a variety 
of  substrates  using  liquid  phase  epitaxy1'2,  sol-gel3'5,  ion  beam  sputter-deposition 
(IBSD)6’7,  molecular  beam  epitaxy(MBE)8'11,  pulsed  laser  deposition  (PLD)12, 
metalorganic  chemical  vapor  deposition  (MOCVD)13'19. 

Growth  of  ferroelectric  thin  films  on  oxide  single  crystal  has  received  significant 
attention.  Table  1-1  shows  available  substrates  for  the  growth  of  high  temperature 
superconductor  (HTS)  and  ferroelectric  thin  films.  For  epitaxial  growth,  lattice 
parameters  and  thermal  expansion  coefficient  of  substrates  and  films  are  important 
because  they  affect  the  microstructure  of  the  film  in  terms  of  lattice  strain,  misfit 
dislocations,  and  defects.  KNb03,  SrTi03,  and  (Ba,Sr)Ti03  films  have  been  grown 
epitaxially  on  MgO  and  LaA1032°'22. 

In  order  to  grow  better  quality  thin  films  and  heterostructures  of  complex  oxides 
with  atomically  flat  surfaces  and  sharp  interfaces,  well-controlled  layer-by-layer  or  step 
flow  growth  is  required.  Crystallinity  of  the  films  for  above  mentioned  growth  modes 
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depends  on  the  quality  of  the  substrate  surfaces.  There  have  been  many  investigations  to 
realize  atomically  flat  surfaces  on  SrTiC>3,  NdGa03,  and  LaAlCh  23'25.  Atomically  flat 
surfaces  have  been  achieved  with  the  above  mentioned  perovskite  materials  with  the 
ABO3  structure  because  of  two  possible  terminating  atomic  layers  - AO  (A-site  layer) 
and  BO2  (B-site  layer)  on  the  {001 } surfaces.  Therefore,  KTa03  single  crystals  with 
ABO3  structure  can  be  studied  to  obtain  atomically  flat  surfaces  with  unit  cell  high  step 
structure  by  terminating  with  K-0  or  Ta-0  layers.  By  forming  the  step  structures  on  the 
substrate  surface,  quantum  wire  or  superlattices  can  be  grown.  For  this,  etching  and 
annealing  studies  using  (001)  KTa03  single  crystals  will  be  conducted. 

Also,  some  oxide  materials  such  as  SrTi03.x,  and  Nb  doped  SrTi03  show 
semiconducting  behavior  due  to  oxygen  vacancies.  With  these  properties,  oxide  materials 
can  potentially  be  fabricated  for  channel  layer  of  FET  or  other  devices. 

(Ba,Sr)Ti03  has  been  studied  for  FRAM  and  tunable  microwave  devices  due  to  its 
ferroelectric  properties.  For  tunable  microwave  applications,  ferroelectric  materials 
should  be  in  the  paraelectric  region  just  above  the  Curie  temperature,  Tc,  because  in  this 
region  materials  do  not  have  large  dielectric  losses  due  to  spontaneous  polarization,  but 
still  retain  their  high  dielectric  constants. 

KTa03  and  K(Ta,Nb)03  are  of  interest  for  tunable  microwave  applications  due  to 
their  high  dielectric  constant,  low  dielectric  loss,  and  composition  dependence  of  Curie 
temperature.  With  the  previously  mentioned  properties,  KTaC^,  KNbCh,  and  K(Ta,Nb)03 
can  replace  BST  for  various  applications.  Therefore,  in  chapter  2,  the  structure  and 
properties  of  KTaC>3,  KNbC>3,  and  K(Ta,Nb)03  will  be  briefly  reviewed.  Surface 
modification  of  a KTa03  single  crystal  for  atomically  flat  surface  is  discussed  in  chapter 
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3.  Chapter  4 describes  semiconducting  properties  of  KTaCb  thin  film  by  Ca  and  defect 
doping  in  reduced  condition  using  4%  F^/Ar  gas.  From  chapter  5 to  7,  dielectric 
properties  of  K(Ta,Nb)03  films  by  acceptor  (Ti+4)  doping  in  Ta  or  Nb  sites  will  be 
discussed.  In  chapter  5,  dielectric  properties  of  Ti  doped  K(Ta,Nb)C>3  (KTN:Ti)  film  on 
(001)  MgO  substrates  with  various  growth  conditions  such  as  growth  temperature  and 
oxygen  pressure  are  covered.  The  annealing  effect  on  dielectric  properties  of  KTN:Ti 
film  is  discussed  in  chapter  6.  Finally,  Thickness  effect  of  KTN:Ti  film  for  dielectric 
properties  is  discussed  in  chapter  7.  In  chapter  8,  the  conclusion  will  be  presented  about 
the  results  of  the  experiments. 
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Table  1-1.  Substrates  for  ferroe 

ectric  oxide 

Materials 

Ciystal 

symmetry 

Lattice 
Constant  (A) 

«’  (l/K) 

g 

Loss 

tankcni^ 

Price  ($) 

LaA103 

Psedo-cubic 

a=3.972 

~ 1 Ox  1 O'6 

25 

6x1  O'5 

40 

MgO 

cubic 

a=4.203 

8x1  O'6 

9.7 

3. 3x1  O'7 

20 

ai2o3 

Hexagonal 

a=4.763 

c=13.0 

8x1 0'b 
13x1  O’6 

9.9 

6x1  O'5 

20 

YBa2Cu307.x 

Orthorhombic 

a=3.82 
b=3.89 
c=l  1 .68 

14xl0'b 
12x1  O'6 
25x1 0‘6 

SrTi03 

Cubic 

a=3.905 

8.63x1  O'6 

>300b 

<10~3 

50 

NdGa03 

Orthorhombic 

a=5.515 

b=5.499 

c=7.710 

22 b 

3x1  O'4 

65 

LaGa03 

Orthorhombic 

a=5.519 

b=5.494 

c=7.77 

10.6x1  O'6 

25 

lxl  O'4 

CaNdA104 

Tetragonal 

a=3.688 

c=12.15 

20 

lxlO'4 

80 

YSZ 

Cubic 

a=5.16 

10x1  O'6 

27a 

20 

Mg2Ti04 

Cubic 

a=8.44 

12x1  O’6 

12 

1.5xl0'4 

MgAl204 

Cubic 

a=8.086 

7.6x1  O'6 

30 

PrGa03 

Orthorhombic 

a=5.462 

b=5.4943 

c=7.740 

8.36x1  O'6 
7.31xl0'6 
6.99xl0'6 

24d 

3.6x1  O’4 
5.4x1  O'3 

y2o3 

Cubic 

a=10.60 

9-17 

Si 

Cubic 

a=5.43 

2.6x1  O'6 

12a 

8 

GaAs 

Cubic 

a=5.65 

2. 86x1  O'6 

13 a 

120* 

KTa03 

Cubic 

a=3.988 

xlO’6 

225 

a At  room  temperature,  b At  1GHz  and  77K,  d At  1MHz  and  77K,  a : thermal 
expansion  coefficient,  * 2 inch  wafer 


CHAPTER  2 
LITERATURE  REVIEW 

2.1  Perovskite  Materials 

2.1.1  Origin  and  Structure  of  Perovskites 

There  are  many  families  of  crystalline  classes  based  on  their  crystal  structures 
such  as  rock  salts,  spinel,  rutile,  wurtzite,  and  perovskite.  Among  these  crystalline  classes, 
the  name  “perovskites”  is  derived  from  a specific  mineral  known  as  a perovskite. 

The  principal  perovskite  structure  (shown  in  Figure  2-1)  found  in  ferroelectric 
materials  is  a simple  cubic  structure  containing  three  different  ions  of  the  form  ABO3. 

The  A and  B atoms  usually  represent  +2  and  +4  ions,  respectively,  while  the  O atom  is 
the  oxygen  ion.  This  ABO3  structure  in  a general  sense  can  be  considered  as  face 
centered  cubic  (FCC)  lattice  with  A atoms  at  the  comers  and  O atoms  on  the  faces.  The  B 
atom  is  located  at  the  center  of  the  lattice,  which  is  known  as  an  octahedral  site 
surrounded  by  6 oxygen  ions.  This  A atom  is  the  largest  of  the  atoms  and  consequently 
increases  the  overall  size  of  the  AO3  (FCC)  structure.  As  a result,  there  are  minimum 
energy  positions  off-centered  from  the  original  octahedron  that  can  be  occupied  by  the  B 
atom.  Shifting  of  this  atom  due  to  applied  electric  fields  causes  the  structure  to  be  altered, 
creating  electric  dipoles. 

2.1.2  Various  Properties  of  Perovskites 

Perovskite  materials  have  various  physical  and  electrical  properties.  This  extends 
to  a wide  range  of  applications  in  discrete  devices,  utilizing  the  full  range  of  properties, 
including  dielectric,  ferroelectric,  piezoelectric,  electrostrictive,  pyroelectric,  electro- 
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optic,  and  magnetic  properties  in  addition  to  superconductivity.  Also,  some  perovskites 
materials  exhibit  more  than  one  property.  For  example,  BaxSri.xTi03  shows  behaviors  of 
piezoelectric,  ferroelectric,  and  paraelectric  properties26.  Several  properties  of  perovskites 
and  representative  materials  for  the  properties  will  be  addressed  here. 

Piezoelectric  materials  such  as  quartz,  LiNbC^27,  LiTaC^27'29,  BaTiC^30’31,  and 
Pb(ZrTi)C>332'35  produce  electric  charges  on  their  surfaces  as  a consequence  of  applying  a 
mechanical  stress.  The  induced  charges  are  proportional  to  the  mechanical  stress.  This  is 
called  the  “direct  piezoelectric  effect.”  Materials  showing  this  phenomenon  also 
conversely  have  a geometric  strain  proportional  to  an  applied  electric  field.  This  is  the 
“converse  piezoelectric  effect.”  The  root  word  “piezo”  means  “pressure”;  hence  the 
original  meaning  of  the  word  piezoelectricity  implies  “pressure  electricity.” 
Piezoelectricity  is  extensively  utilized  in  the  fabrication  of  various  devices  such  as 
transducers,  actuators,  surface  acoustic  wave  devices,  and  frequency  controllers. 

Pyroelectric  materials  such  as  LiTaCb36,  Sri/2Bai/2Nb20637’38,  and  PLZT39  are 
referred  as  “electric  stones.”  Pyroelectricity  could  be  divided  into  true  pyroelectricity 
and  false  pyroelectricity.  True  pyroelectricity  is  the  development  of  electric  charges  of 
opposite  sign  at  opposite  ends  of  an  unstressed  crystal,  which  is  heated  (or  cooled) 
uniformly.  False  pyroelectricity  is  the  similar  development  of  charges  when  there  is  a 
temperature  gradient  or  when  the  heated  crystal  becomes  subject  to  stress.  These  two 
pyroelectricities  are  difficult  to  distinguish.  However,  true  pyroelectricity  implies  a 
resultant  vector  in  the  crystal  and  can  therefore  only  occur  in  the  polar  classes.  False 
pyroelectricity  and  piezoelectricity  must  be  described  by  tensors,  so  the  above  argument 
does  not  apply.  They  can  occur  in  any  crystal  class  which  lacks  a center  of  symmetry 
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except  the  cubic  class.  This  pyroelectricity  is  basically  due  to  the  temperature  dependence 
of  the  spontaneous  polarization  of  a polar  material.  These  materials  can  be  used  as 
temperature  sensors  and  infrared  light  detectors. 

Some  perovskite  materials,  such  as  KTaCh,  can  be  used  in  elecro-optic  devices 
because  the  refractive  index  is  changed  by  applying  an  external  electric  field.  As  a result, 
these  materials  have  been  applied  in  light  valves,  beam  reflectors,  and  optical  displays  for 
optical  communication  with  solid  state  laser  chips  and  optical  fibers  due  to  high  response 
speed  and  resistance  over  high  intensity  illumination. 

Ferroelectric  materials  such  as  BaTiCh,  SrTiC>3,  and  KNbC>3  show  spontaneous 
polarizations  that  are  caused  by  asymmetric  displacement  of  center  ion  in  unit  cell. 
BaTiCb  is  the  representative  material  for  this  ferroelectric  property  40.  Most  ferroelectric 
materials  have  ferro-  to  paraelectric  transition  temperature.  This  temperature  is  called 
Curie  temperature,  Tc.  In  the  paraelectric  state,  i.e.,  above  Tc,  the  net  dipole  moment  is 
zero  in  the  material  if  an  electric  field  is  not  applied.  However,  if  an  electric  field  is 
applied  to  the  material,  dipole  moments  are  aligned  parallel  to  the  electric  field  and  this 
paraelectric  material  has  a high  dielectric  constant. 

Ferroelectric  properties  include: 

► A dielectric  hysteresis  loop,  indicating  reversible  spontaneous  polarization 

shown  in  Figure  2-2, 

► Disappearance  of  hysteresis  loop  above  Curie  temperature, 

► A domain  structure,  which  may  be  visible  in  polarized  light, 

► A high  dielectric  constant,  rising  to  a peak  at  the  Curie  temperature  (Figure  2- 

341), 

► The  falling-off  of  the  dielectric  constant  above  the  Curie  temperature,  which 
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follows  a Curie-Weiss  law, 

► A pseudosymmetric  structure, 

► A ferroelectric  symmetry  that  places  them  in  a polar  class, 

► A transition  at  the  Curie  temperature  to  a form  of  higher  symmetry, 

► The  Curie  temperature,  which  is  raised  (or  lowered)  by  the  application  of  a 

biasing  field, 

► A sudden  appearance  of  surface  charges  at  the  transition. 

2.1.3  Applications 

Perovskites  materials  can  be  used  in  various  application  fields  with  above 
mentioned  properties.  Table  2-1  shows  specific  applications  and  commonly  used 
materials  for  the  applications.  For  those  applications,  perovskite  materials  can  be  utilized 
in  a form  of  bulk  or  thin  film.  However,  with  the  advancement  of  Si  (semiconducting) 
technology,  many  thin  films  for  oxide  electronic  are  investigated  currently.  Figure  2-4 
shows  various  oxide  application  fields  and  fundamental  technical  terms  in  future  oxide 
electronics. 

2.2  Properties  of  KTa03,  KNb03,  and  K(Ta,Nb)03 

Most  perovskites  have  high  electrical  resistivities,  which  make  them  useful  as 
dielectrics.  However,  some  perovskites  are  considered  to  be  good  conductors,  such  as 
SrRu03.  Perovskite  KTa0342  is  an  incipient  ferroelectric  material  of  cubic  structure  and  it 
shows  paraelectricity  for  all  ranges  of  temperature.  The  lattice  constant  of  KTa03  is 
3.9885A  at  300K  and  dielectric  constants  are  243  at  200  kHz,  300K  and  4500  at  200  kHz, 
4.2K.  In  contrast,  KNb0343,44  exhibits  a first-order  ferroelectric  phase  transition 
accompanied  by  a change  from  the  cubic  to  the  tetragonal  structure  at  701 K (ap=4.02A 
along  [100]p  and  [0 1 0]p  directions,  and  cp=3.97A  along  [00 1 ]p).  Upon  further  cooling, 
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Table  2-1.  Applications  of  perovskites  in  materials 


Applications 

Perovskite  Materials 

Multilayer  Capacitor 

BaTi03 

Piezoelectric  Transducer 

Pb(Zr,Yi)03 

P.  T.  C.  Thermistor 

BaTi03 

Electro-optical  Modulator 

(Pb,  La)(Zr,  Ti)03 

Switch 

LiNb03 

Dielectric  Resonator 

BaZr03 

Thick  Film  Resistor 

BaRu03 

Elecrostrictive  Actuator 

Pb(Mg,Nb)03 

Superconductor 

Ba(Pb,Bi)03  layered  cuprates 

Magnetic  Bubble  Memory 

GdFe03 

Laser  Host 

YA103 

Ferromagnet 

(Ca,La)Mn03 

Refractory  Electrode 

LaCo03 

Second  Harmonic  Generator 

KNb03 
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the  structure  changes  to  orthorhombic  at  498K,  with  lattice  parameters  a = 5.696A,  b = 
5.7213A,  and  c = 3.9739A.  For  the  ferroelectric  state,  the  polarization  direction  is  along 
the  [010].  It  is  important  to  note  that  the  cubic  KTaC>3  is  well  lattice  matched  to  the  cubic 
and  tetragonal  KNbCb,  as  the  pseudo-cubic  lattice  parameter  of  KNb03  (ap=4.014A, 
T=25°C)  differs  from  that  of  KTaCh  by  only  0.6%. 

The  K(Ta,Nb)03  system,  like  the  (Sr,Ba)TiC>3  system,  forms  a solid  solution. 
These  mixed  ferroelectric  systems  can  show  very  different  properties  from  those  of 
simple  ferroelectrics.  For  instance,  the  KTai_xNbx03  system45,46  has  a diffuse  phase 
transition  with  a continuously  varying  Curie  temperature,  Tc,  according  to  the  formula 
Tc=676x  + 32  (for  x > 4.7%).  For  x > 0.35,  KTai_xNbx03  (KTN)  shows  a first-order 
ferroelectric  phase  transition  similar  to  KNbC>3.  This  ferroelectric  phase  transition  is 
accompanied  by  the  appearance  of  a remnant  polarization  due  to  off-center  asymmetry  of 
Nb  and  Ta  ions.  For  x < 0.35,  dielectic  and  polarization  measurements  suggest  a diffuse 
character  for  the  ferroelectric  transition.  There  are  two  steps  by  which  the  transition  in 
this  range  takes  place.  First,  a progressive  appearance  of  polar  cells  around  single  or 
groups  of  Nb  ions  occurs.  Second,  the  collective  ordering  of  the  individual  electric 
dipoles  occurs  due  to  mutual  strain  between  cells. 

2.3  Dielectric  Properties 
2.3.1  Capacitance  and  Polarization 

Two  metal  plates  of  area  A are  separated  with  distance  d in  vacuum.  When 
applying  voltage  to  these  two  plates  with  closed  circuit  structure  (Figure  2-5  (a)),  abrupt 
current  occurs  and  then  rapidly  decays  to  zero. 


Q = Jldt 
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The  area  under  the  I versus  t curve  is  the  total  charge  that  has  passed  through  the 
circuit  and  is  now  stored  on  the  capacitor  plates. 

If  applying  different  voltage  to  the  circuit  and  then  plotting  Q versus  V,  a straight 
line  is  obtained.  The  following  relationship  is  obtained: 

Q=CV 

The  slope  of  the  above  relationship,  C,  is  called  the  capacitance  Cvac  of  the 
parallel  plates  in  vacuum. 

r -£°A 

vac  J 


• • 12 

where  So  is  the  permittivity  of  free  space,  which  is  a constant  equal  to  8.85  x 10'  (F/m) 
The  relative  dielectric  constant  of  a material  k’  is  defined  as  k’  = s/so , (k’>l). 

C-^i-k'C 

L ~ J ~K  C vac 

a 


Thus  k’  is  a unitless  parameter  that  compares  the  charge-storing  capacity  of  a material  to 
that  of  vacuum. 

Surface  charge  with  presence  of  dielectric  (Figure  2-5(b))  is  described  as  follows 

r£?i 

l j-ldie  ~ j _ <Jvac  + U pol 


where  a pol  is  the  excess  charge  per  unit  surface  area  present  on  the  dielectric  surface,  and 

considered  to  be  the  same  as  polarization  P of  the  dielectric. 

Dielectric  displacement  D is  defined  to  the  surface  charge  on  the  metal  plates, 


D = e0E  + P 
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Dipole  moment,  p 

H = qS 

where  5 is  the  separation  distance  between  positive  and  negative  charge  shown  in  Figure 
2-6. 

s0E  s0E 

This  result  gives  us  fundamental  information  to  understand  the  dielectric  response 
of  a solid.  The  greater  8,  which  indicates  the  separation  of  the  charges  of  a dipole  for  a 
given  applied  field,  is,  the  greater  k’,  the  relative  dielectric  constant,  is.  In  other  words, 
the  more  polarizable  a medium  is,  the  greater  its  dielectric  constant. 

There  are  several  possible  mechanisms  for  polarization  in  dielectric  materials. 
Figure  2-7  shows  possible  mechanisms  of  polarization;  electronic  polarization,  ionic 
polarization,  orientation  polarization,  and  space  charge  polarization47.  Also,  these 
polarizations  are  dependent  on  frequencies.  Therefore,  by  increasing  frequency  only  fast 
reacting  polarization  at  that  frequency  level  can  participate  to  response.  Figure  2-8  shows 
the  total  polarizabiliy  as  a function  of  frequencies. 

2.3.2  Dielectric  Loss 

In  ideal  dielectric,  the  current  caused  by  applied  field  has  90°  out  of  phase  based 
on  applied  field,  which  means  the  oscillating  charges  are  in  phase  with  the  applied 
voltage. 

lck&  = ~0)k'Cvac  VQ  sin  cot 

However,  in  reality  the  currents  of  charges  are  never  in  phase  because  of  the 
energy  dissipation  and  ohmic  contact.  Therefore,  total  current  in  real  dielectric  will  lead 
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the  applied  voltage  by  angle  90°  - (j>.  (j)  is  called  the  loss  angle  or  loss  tangent  or 
dissipation  factor48.  This  is  shown  in  Figure  2-9. 

Relative  dielectric  constant  can  be  expressed  using  a complex  equation,  which  is 
the  sum  of  real  part  and  imaginary  part. 

k*  =k'-ik" 

Also,  loss  tangent  is  the  ratio  of  imaginary  part  to  real  part  of  dielectric  constant. 

k" 

tan  <b  « — 

Y k' 

The  charges  in  dielectric  material  will  respond  with  ac  electric  field.  There  are 
two  kinds  of  response  of  charges  in  material  to  contribute  to  k’  and  k”.  When  some  of  the 
bound  charges  oscillate  in  phase  with  the  applied  field,  this  movement  will  result  in 
charge  storage  and  contribute  to  k’.  When  bound  charges  and  those  contributing  dc 
conductivity  oscillate  90°  out  of  phase  with  applied  electric  field  in  dielectric  material, 
these  movements  of  charges  result  in  dissipation  of  energy  as  a form  of  heat  in  dielectric 
material.  The  energy  dissipation  is  proportional  to  loss  angle  <)>-  Dielectric  loss  is  a 
measurement  of  the  energy  dissipated  in  dielectric  material  in  unit  time  when  electric 
field  is  applied. 

pv  =\^dc  + a>s0k\o))}El 

2.3.3  Dielectric  Breakdown 
2.3.3. 1 Intrinsic  Breakdown 

By  applying  an  electric  field,  electrons  in  the  conduction  band  are  accelerated  and 
start  to  ionize  lattice  ions  by  collision.  The  number  of  electrons  is  increased  as  more  ions 
are  ionized.  Finally,  an  avalanche  effect  is  created. 
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2.3.3.2  Thermal  Breakdown 

The  rate  of  heat  generation  by  dielectric  loss  in  dielectric  material  is  larger  than 
the  rate  of  heat  removal  from  the  dielectric  material.  Whenever  this  condition  occurs  the 
dielectric  material  will  heat  up  and  increase  its  conductivity. 

2.4  Interdigital  Electrode  for  Capacitance  Measurements 

Conventional  capacitance  measurements  are  conducted  with  parallel  capacitance 
structure.  Also,  there  are  several  measurement  techniques  such  as  coplanar  waveguides 
(CPW),  resonators,  gaps  in  microstrip,  and  interdigital  capacitors  (IDC).  Figure  2-10 
shows  the  structures  of  several  capacitor  measurements  including  parallel  capacitors, 
coplanar  waveguides,  resonators,  and  IDC  (Figure  2-11).  Dielectric  materials  for  these 
measurements  are  usually  polycrystalline,  which  has  many  defects  such  as  oxygen 
vacancies,  impurities,  grain  boundaries,  and  other  defects.  These  defects  affect  the 
dielectric  properties.  One  way  to  reduce  these  problems  is  to  grow  epitaxial  thin  films  on 
single  crystal.  By  growing  epitaxial  thin  films  on  single  crystals  such  as  SrTi03,  MgO, 
MgAhOzi,  and  LaA103,  grain  boundary,  interface  strain,  and  impurities  problems  can  be 
solved  or  significantly  reduced.  Epitaxial  thin  films  for  microwave  devices  must  be 
single-phase  solution  without  secondary  phases,  good  crystalline  with  a dense 
microstructure  with  minimal  defects,  and  compositionally  uniform.  Also,  the  film- 
substrate  interface  must  be  abrupt,  and  thermally,  chemically,  and  mechanically  stable 
with  respect  to  processing  and  device  environmental  conditions.  Finally,  the  surface 
morphology  must  be  compositionally  uniform,  morphologically  smooth  and  defect  or 
crack  free. 

To  measure  the  dielectric  properties  of  these  structures  (epitaxial  thin  films  on 
single  crystals),  interdigitated  electrodes  are  required  on  top  of  the  epitaxial  thin  film. 
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Gevorgian  49  reported  modeling  of  thin  film  HTS/ferroelectric  interdigital  capacitors  in 
1996.  Many  studies  using  interdigitated  electrodes  based  on  his  modeling  have  been 
investigated  50"52. 

Figure  2-11  shows  the  schematic  diagram  of  the  interdigital  capacitor  structure. 

To  use  the  interdigital  capacitor,  several  things  need  to  be  assumed.  First,  the  dimension 
of  the  IDC  is  much  less  than  the  wavelength  in  the  microwave  devices,  which  is  around 
2cm,  and  there  is  no  capacitance  contribution  from  nonadjacent  fingers.  The  capacitance 
of  this  two-layered  substrate  IDC  is  assumed  to  be  a sum  of  partial  capacitances  due  to  air, 
a substrate  with  an  equivalent  dielectric  constant  (si-1),  and  a superstate  with  a dielectric 
constant  (82  - Si).  Moreover,  the  capacitance  of  an  IDC  with  finger  number  n > 3 is 
presented  as  a sum  of  the  capacitances  Cn  of  the  periodic  (n  - 3)  structures  enclosed 
between  the  magnetic  walls  AA’  and  BB’49. 

Total  capacitance  C is  a sum  of  all  following  partial  capacitances. 

C = C3  + Cn  + Cend 

where  C3  is  from  a three  finger  capacitor,  and  Cend  is  a correction  term  for  the  fringing 
fields  at  the  end  of  the  strips. 


C„=(n-  3 )e0e„ 


K(k0)l 

K(k0) 


C 


end 


= 4^(2  + 7l)£0Send 


*(*w) 
K(k  0md) 
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K(km) 


where  kx=s/(s+g)  (where  s is  electrode  width,  and  g is  gap  between  electrodes)  and  k’x  = 
V[l-k2x]  (where  x is  0,  Oend,  and  03)  are  the  moduli  of  the  elliptic  integral  and  sn,  send, 
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and  83  are  the  effective  dielectric  constant  for  each  respective  partial  capacitance.  Also, 
K(kx)  function  can  be  solved  using  Matlab  simulation. 

2.5  Overview  of  Tunable  Microwave 

Among  the  many  ferroelectric  materials,  BaxSri.xTi03  (BST)  has  been  intensively 
investigated  for  tunable  microwave  applications  such  as  phase  shifter,  oscillator, 
resonator,  and  band-pass  fdters  due  to  its  high  tunability  and  low  dielectric  loss  (or  loss 
tangent). 

Dielectric  properties  are  different  in  bulk  state  and  thin  film  state  due  to  size 
effect53.  BST  has  high  tunability  and  low  loss  tangent  in  ceramic  bulk,  but  has  relatively 
lower  tunability  and  higher  loss  tangent  in  thin  film42,53. 

There  are  several  critical  requirements  for  ferroelectric  thin  films  to  be  used  for 
microwave  applications.  The  basic  critical  requirements  include: 

► A low  dielectric  loss  (tan  delta  <0.01)  over  the  operating  range  of  DC  electric 

field  (less  than  10V), 

► A large  variation  in  the  permittivity  with  applied  DC  electric  field,  50%  tunability, 

► The  permittivity  less  than  500  for  impedance  matching  purposes, 

► A low  leakage  current  (II)  characteristic, 

► A paraelectric  region,  i.e.,  above  Curie  temperature,  Tc, 

► A single  phase  with  dense  microstructure, 

► A smooth  and  crack  free  morphology. 

Tunability  of  materials  arises  because  it  is  possible  to  change  its  dielectric 
constant  with  applied  electric  field,  and  the  nonlinearity  behavior  of  its  dielectric 
properties  with  respect  to  applied  dc  voltage,  and  the  tunable  dielectric  constant  results  in 
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a change  in  the  phase  velocity  in  the  device  allowing  it  to  be  tuned  in  real  time  for  a 
particular  application  54 . 

2.6  Pulsed  Laser  Deposition  (PLD) 

2.6.1  Overview 

Although  the  first  experiment  using  PLD  was  conducted  in  1965  by  Smith  and 
Turner,  there  have  not  been  intensive  researches  using  PLD  by  mid  70s.  There  were  two 
main  turning  points  to  draw  to  attention  in  researches  using  PLD;  one  was  electronic  Q- 
switch  development  in  the  mid-1970s  and  the  other  was  development  of  high  Tc  super- 
conducting film  using  PLD  system  in  1987.  Using  short  laser  pulse  due  to  electronic  Q- 
switches  brought  PLD  to  deposit  thin  films  by  congruent  evaporation  and  small  heated 
volume  due  to  shallow  absorption  depth  in  target  materials.  Also,  since  the  development 
of  the  high  Tc  superconductor,  there  have  been  wide  investigations  about  thin  film 
deposition  in  various  application  areas  such  as  high  Tc  superconductor,  tribological 
coating,  epitaxial  growth  for  semiconducting,  ferroelectric,  ferrite,  biocompatible,  low  K 
dielectric,  polymer  deposition,  superlattice  films55"61. 

PLD  methods  have  the  many  advantages  compared  to  other  deposition  techniques 
to  grow  oxide  thin  films.  These  advantages  are: 

► High  pressure  operation  with  reactive  gas  such  as  oxygen,  nitrogen,  hydrogen, 
and  ozone, 

► Ability  to  grow  complex  oxide  thin  films  more  than  ternary  compounds, 

► Possibility  to  transfer  same  chemical  formula  of  target  material  to  a thin 
film  except  some  of  volatile  element  such  as  K,  Li.  Need  to  be  included  excess 
amount  in  target  material  or  usage  of  segmented  type  of  target, 

► Attachment  of  several  deposition  chambers  in  one  laser  system, 
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► Possible  to  grow  a wide  range  of  thin  film  and  multilayer  structure, 

► Low  cost  operation  to  get  similar  quality  like  MBE  grown  film, 

► Controlling  growth  rate, 

► Achieving  abrupt  interface, 

► Flexibility,  fast  response,  energetic  evaporants,  and  congruent  evaporation. 

However,  PLD  is  not  a perfect  method  to  grow  thin  films.  PLD  also  has  some 

disadvantages.  Micro-size  particulates  are  commonly  observed  on  the  film  surface  due  to 
splashing,  which  occurs  during  laser  and  target  interaction  (chapter  2.6.4.).  Also,  it  is 
difficult  to  deposit  a large  area  of  film  due  to  a small  angular  distribution  of  the  plume. 
2.6.2  PLD  system  configuration 

PLD  systems  consist  of  three  main  parts:  laser,  optics,  and  deposition  system.  The 
laser  is  generated  using  electrical  pumping  with  KrF  gas  mixture.  The  collimated  laser 
beam  is  emitted  with  20ns  pulse  duration  out  of  the  excimer  laser  system.  Then  through 
several  paths  such  as  reflect  mirrors  and  focusing  lens,  this  laser  beam  goes  into  the 
deposition  chamber,  and  then  reacts  with  the  target  material.  This  reaction  causes  plume, 
which  is  directed  to  the  substrate  surface.  Finally,  it  deposits  a thin  film  on  the  substrate 
surface. 

2.6.2. 1 Laser  (Light  Amplification  by  Stimulated  Emission  of  Radiation) 

The  range  of  laser  wavelength,  which  is  used  to  grow  thin  films  by  PLD  is  mostly 
between  200nm  and  400nm.  In  this  region  most  of  the  materials  used  for  PLD  show 
strong  absorption.  Absorption  coefficients  increase  as  the  wavelength  approaches  200nm, 
and  the  penetration  depths  into  the  target  materials  relatively  decrease.  Therefore,  using 
closed  to  200nm  of  laser  wavelength  is  favorable  due  to  ablation  of  thin  layer  of  target 
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surface,  and  the  stronger  absorption  at  the  short  wavelength  lowers  the  threshold  of 
ablation. 

Unlike  Nd'  :YAG62,  a solid  state  system,  the  excimer  is  a gas  laser  system.  The 
excimer  lasers  emit  their  radiation  directly  in  the  UV  range,  without  modifying  their 
frequency.  High  outputs  more  than  1 J/pulse,  and  pulse  repetition  up  to  several  hundred 
Hz  with  energies  near  500mJ/puls  are  available  in  the  excimer  laser  system.  Table  2-2 
gives  a list  of  excimer  wavelengths  of  commercially  used  laser  systems.  Among  the 
excimers  listed,  KrF  and  XeCl  have  been  intensively  used  for  PLD.  KrF  is  the  highest 
gain  system  for  electrically  discharged  pumped  excimer  laser  even  though  KrCl  has  a 
shorter  wavelength  than  KrF. 

In  an  excimer  laser,  lasing  action  takes  place  between  an  upper  bound  electronic 
state  and  weakly  bound  ground  state.  The  excimer  molecules  can  dissociate  rapidly 
(vibrational  period  ~ 1013)  by  emitting  photons  spontaneously  while  transferring  from 
upper  to  ground  state.  The  excimer  molecules  have  a high  ratio  of  upper  state  lifetime  to 
lower  state  lifetime.  In  other  words,  the  excimer  molecules  are  a good  laser  medium  due 
to  population  inversion  and  high  gain63. 

The  formation  of  the  excimer  molecules  are  complex  and  can  consist  of  several 
steps.  Here  are  some  of  the  important  reactions  for  excimer  molecules  of  KrF: 

Kr  + e'  — » Kr+,  Kr*,  Kr2+ 

F2  + e'  — » F + F' 

Kr+  + F'  + X — » KrF*  + X 
Kr2+  + F"  — > KrF*  + Kr 


Kr  + F2  — » KrF  +F 
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The  * represents  an  electronically  excited  species  and  X is  a third  body  (He,  Ne). 


Table  2-2.  Excimer  laser  operating  wavelength 


Excimer 

Wavelength  (nm) 

f2 

157 

ArF 

193 

KrCl 

222 

KrF 

248 

XeCl 

308 

XeF 

351 

Here  are  the  requirements  for  lasing  with  output  energies  of  several  hundred 
millijoules  per  pulse:  an  order  of  10  /cm  of  population  density,  several  1 0 /(cm  sec)  of 
excimer  producing  rate,  2 to  4 atmosphere  of  total  gas  pressure  within  the  discharge 
volume,  current  density  of  103A/cm2,  1200K  of  electron  temperature,  and  discharge  field 
strength  of  10-15kV/cm  (this  limits  the  spacing  of  discharge  electrode  to  2 -3  cm)  are 
required. 

Rare  gas  (Xe,  Kr),  halogen  (He,  F),  and  Ne  as  a buffer  gas  are  used  for  excimer 
laser.  Operating  pressures  are  around  3000mbar  and  the  total  volume  of  gas  required  is 
approximately  125  - 200  liters.  Usually,  working  gas  lifetime  is  estimated  to  2 million 
laser  shots  per  fill.  However,  gas  lifetime  depends  on  the  wavelength  of  the  laser.  As  the 
wavelength  of  the  laser  used  decreases,  the  gas  lifetime  also  decreases  due  to  a large 
absorption  cross-section  of  impurities  present. 

Figure  2-12  shows  the  schematic  diagrams  of  photon  interaction  to  produce  the 
laser.  When  atom  falls  to  the  ground  state  from  the  excited  state  energy  level,  photon  is 
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emitted.  This  photon  should  collide  with  another  atom,  which  has  another  electron  in  the 
same  excited  state,  to  cause  stimulated  emission.  In  this  way,  once  emitted  photon  can 
stimulate  or  induce  atomic  emission  so  that  the  emitted  photon  vibrates  with  the  same 
frequency  and  direction  of  previous  photons. 

Lasing  material  is  contained  in  a long  narrow  container  called  the  cavity.  It  is 
necessary  to  have  a pair  of  mirrors  at  either  end  of  the  cavity  to  produce  the  laser.  These 
mirrors  are  often  known  as  an  optical  oscillator  due  to  the  process  of  oscillating  photons 
between  the  two-mirrored  surfaces.  The  mirror  positioned  at  one  end  of  the  optical 
oscillator  is  half-silvered,  therefore  it  reflects  some  light  and  lets  some  light  through. 
Photons  traveling  at  an  angle  will  be  absorbed  by  the  cavity  wall,  but  photons  traveling 
parallel  to  the  cavity  axis  will  be  allowed  to  pass  through  the  half-silvered  mirror.  This  is 
the  light  that  is  emitted  from  the  laser.  During  this  process  photons  are  constantly 
stimulating  other  electrons  to  make  the  downward  energy  jump,  hence  causing  the 
emission  of  more  and  more  photons  and  an  avalanche  effect,  leading  to  a large  number  of 
photons  being  emitted  of  the  same  wavelength  and  phase  64.  This  laser  beam  is 
monochromatic,  coherent  and  highly  directional. 

2.6.2.2  Optics 

Optics  consist  of  reflecting  mirror,  beam  splitter,  focusing  lens,  and  laser  window. 
The  reflecting  mirror  makes  the  laser  system  able  to  have  several  deposition  chambers  by 
changing  the  beam  path  90°.  Beam  splitters  split  the  laser  beam  into  two  or  more  separate 
beams.  Focusing  lens  converge  the  laser  beam  into  a small  beam  size.  Laser  windows 
have  high  transmittance  of  the  incident  laser  beam.  Therefore,  these  optics  need  to  be 
very  flat  (1/8  to  1/20  wave)  and  free  of  defects.  Table  2-3  shows  laser  window  and  lens 


materials,  and  their  transmittance. 
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Table  2-3.  Transmittance  range  for  various  lens  and  window  materials 


Materials 

Transmittance  range  (nm) 

Magnesium  fluoride 

140-7500 

Sapphire 

150-5000 

Calcium  fluoride 

150-8000 

UV-grade  fused  silica 

190-2500,  2600-4000 

Borosilicate  crown  glass 

315-2350 

Zinc  sulphide 

400-12,000 

Zinc  selenide 

550-  16,000 

2.6.2.3  Deposition  System 

The  laser  beam  through  optics  enter  deposition  system.  This  laser  beam  is  focused 
to  the  target,  which  is  ablated  to  deposit  film  on  the  substrate  placed  opposite  side  of 
target.  The  deposition  system  also  consists  of  several  parts  such  as  chamber,  target 
manipulate,  substrate  holder  and  heater,  mass  flow  controller,  and  vacuum  gauges.  Figure 
2-13  is  the  schematic  diagram  of  the  deposition  system. 

2.6.3  Laser  and  Target  Interaction  (Phenomena  inside  deposition  chamber) 

There  are  two  mechanisms  that  occur  when  the  laser  beam  and  target  material 
interact.  The  first  is  a primary  mechanism,  which  can  be  categorized  into  collision, 
electronic,  exfoliational,  and  hydrodynamic  sputtering.  The  second  is  a secondary 
mechanism,  which  can  be  categorized  into  outflow  with  reflection,  effusion  with 
reflection,  and  effusion  with  recondensation.  These  primary  mechanisms  are  briefly 
reviewed  here  63 . 
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Collisional  sputtering.  Collisional  sputtering,  which  is  known  as  a momentum 
transfer  in  direct  laser  beam-surface  interactions  cannot  occur  with  laser  pulses.  However, 
indirect  collisional  sputtering  occurs  if  plasma  forms  during  the  interaction  between  the 
laser  beam  and  the  target  surface. 

Thermal  sputtering.  Thermal  sputtering  can  occur  with  laser  pulses  due  to 
vaporization  from  the  surface  of  a heated  target.  The  temperature  of  vaporized  area  of 
target  surface  may  be  much  higher  than  melting  or  boiling  points  of  target  materials. 

Electronic  sputtering.  Electronic  sputtering  is  not  a unique  process.  There  are 
two  cases  in  which  electronic  sputtering  can  occur.  One  is  for  high  laser  pulse  energies, 
and  the  other  is  for  low  laser  energies.  For  high  laser  pulse  energies,  dense  electron 
excitation  can  be  expected.  These  dense  electrons  will  increase  the  total  energy  of  each 
atom  by  an  amount  similar  to  neEgap/ric,  where  Egap  is  the  energy  gap  of  the  target  material. 
For  low  laser  pulse  energies,  defects  formed  in  and  near  the  surface  including  self- 
trapped  excitons,  can  lead  to  the  energetic  expulsion  of  individual  atoms. 

Exfoliational  sputtering.  Exfoliational  sputtering  occurs  by  repeated  thermal 
shock  of  target  material.  Flakes  are  detached  from  the  target  material.  This  is  expected  to 
occur  when  target  materials  have  a high  linear  thermal  expansion.  This  repeated  thermal 
shock  causes  a crack  on  target  materials.  The  thermal  stress  of  a material  is  a 
measurement  of  thermal  shock. 

Stress  = EAL/Lo 

where  AL/L0  is  a linear  thermal  expansion  (Lo  is  the  thickness  that  heated,  and  AL  is  the 
changed  in  thickness),  and  E is  Young’s  modulus. 
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Hydrodynamic  sputtering.  Hydrodynamic  sputtering  is  a process,  which 
droplets  of  material  are  formed  and  expelled  from  a target  as  a consequence  of  the 
transient  melting. 

When  the  laser  beam  is  incident  to  the  target,  the  laser  beam  is  absorbed  on  the 
target.  There  are  three  main  absorptions  : first,  volume  absorption  by  electrons  and 
phonons  in  the  lattice,  second,  absorption  by  free  carriers  on  target  surface,  and  third, 
absorption  by  plume. 

As  the  laser  beam  is  reacted  with  target  materials,  molten  layer,  which  is  known 
as  Knudsen  layer,  is  formed  by  absorbing  the  photon.  This  molten  layer  which  exists  a 
short  time  is  vaporized  by  exerting  the  plume,  which  consists  of  ions,  molecules, 
electrons,  atoms,  and  micro-size  particulates. 

2.6.4  Origin  of  Splashing 

Splashing  is  one  of  two  main  drawbacks  of  PLD.  Splashing  usually  occurs  in 
most  materials  except  for  those  high  vapor  pressures  at  a temperature  much  below  the 
melting  temperature  such  as  CdTe  and  II- VI  compounds,  dense  and  single  crystal  targets, 
and  targets  with  high  thermal  conductivity.  At  least  three  mechanisms— subsurface 
boiling,  expulsion  of  liquid  layer,  and  exfoliation— are  involved  in  depositing  particulates 
on  surface  during  PLD  growth. 

Subsurface  boiling.  Subsurface  boiling,  also  known  as  true  splashing  occurs 
when  the  subsurface  layer  is  molted  first  before  the  surface  layer65.  This  process  ejects 
micro-sized  molten  droplets  onto  the  substrate.  By  reducing  the  deposition  rate  with  laser 
power,  this  splashing  caused  by  boiling  the  subsurface  can  be  reduced.  Schwarz  and 
Tourtellotte66  calculated  the  maximum  power  density,  which  could  be  absorbed  on  a solid 
surface  without  causing  splashing. 
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A™  =LpHeJtr 

where  tr  is  the  relaxation  time,  L is  the  range  of  surface  penetration  of  the  light  intensity 
into  the  solid  of  mass  density,  p,  and  the  heat  of  evaporation,  Hev. 

Expulsion.  Expulsion  of  the  liquid  layer  comes  from  above  the  liquid  layer  in  a 
form  of  recoil  pressure  exerted  by  the  shock  wave  of  the  plume.  This  mechanism  is 
difficult  to  distinguish  with  true  splashing.  This  one  also  can  be  reduced  by  lowering 
laser  power  density  with  reduced  deposition  rate. 

Exfoliation.  Exfoliation  is  caused  by  target  morphology,  which  is  affected  by 
repetitive  ablation  with  laser  beam.  This  repetitive  ablation  forms  long  needle-shaped 
microstructures  on  target  surface.  These  needle  shaped  microstructures,  which  is  directed 
to  the  incoming  laser  beam  due  to  a shadowing  effect,  are  very  fragile  and  can  be  easily 
broken  by  the  thermal  shock  induced  during  the  intense  laser  irradiation.  These  broken 
microstructures  are  incorporated  into  the  plume  and  then  deposited  on  the  substrate. 

To  avoid  particulate  deposition  by  splashing,  several  ways  have  been  considered. 
One  is  the  use  of  a mechanical  particle  filter,  which  can  remove  slowly  moving  particles 
by  placing  the  high  velocity  pass  filter  between  the  substrate  and  target.  Second  method 
includes  manipulating  the  laser-target  interaction  geometry.  Third  one  is  using  a high 
density  target  with  smooth  surface.  This  is  a more  effective  solution  to  reduce  the 
splashing.  It  is  important  to  fabricate  a target  with  more  than  85  % of  the  theoretical 
densities,  and  high  homogeneity. 

The  laser  beam  ablates  one  specific  focused  area  of  target.  It  causes  non-uniform 
erosion  of  the  target.  To  achieve  uniform  target  erosion  and  consumption,  the  target 
materials  need  to  be  rotated  during  deposition.  This  rotation  makes  the  angular  ablated 
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track  on  the  target.  Another  way  is  to  raster  the  laser  beams  on  the  target  surface. 
However,  this  method  has  the  disadvantage  of  moving  the  plume  position  relative  to  the 
substrate.  For  more  than  1cm  x 1cm  size  substrates,  uniform  coatings  are  obtained  for  all 
surface  area.  Finally,  the  target  surface  needs  to  be  polished  before  each  run. 

2.6.4  Background  Gas  Effect 

PLD  is  a highly  recommended  deposition  technique  to  grow  oxide  films  because 
of  being  operated  under  high  oxygen  gas  pressure  compared  to  other  deposition 
techniques  such  as  sputtering,  MBE,  and  e-beam  evaporation.  High  background  gas 
pressure  causes  the  several  effects  as  follows:  (1)  an  increase  in  fluorescence  from  all 
species  due  to  collisions  on  the  expansion  front  and  subsequent  inter-plume  collisions;  (2) 
a sharpening  of  the  plume  boundary,  indicative  of  a shock  front;  (3)  a slowing  of  the 
plume  relative  to  the  propagation  in  vacuum,  resulting  in  (4)  spatial  confinement  of  the 
plume  63 . 

2.7  Defect  Chemistry 

Most  solids  have  defects  such  as  vacancies,  interstitials,  impurities,  dislocations, 
grain  boundaries,  and  cracks.  Understanding  these  defects  in  oxide  materials  is  very 
important  because  the  properties  of  most  materials  are  affected  by  defects.  Among  the 
defects  such  as  point,  linear,  and  planar  defects,  point  defects  will  be  mainly  reviewed 
here.  The  following  categories  fall  into  point  defects48 : Stoichiometric  defect  such  as 
Schottky  defect  (cation-anion  vacancy  pair)  and  Frenkel  defects  (cation  vacancy-cation 
interstitial  pair  or  oxygen  vacancy-oxygen  interstitial  pair),  non-stoichiometric  defects 
such  as  oxygen  deficiencies  or  excess  cation  resulting  from  an  inbalance  in  chemical 
formula  of  materials,  and  extrinsic  defects  such  as  impurities  or  intentional  doping  in  a 
host  material  shown  in  Figure  2-14. 
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The  following  notations  (Kroger- Vink  notation)  are  used  in  defect  chemistry. 

V for  vacancy 

i for  interstitial 

x for  zero  effective  charge 

' for  negative  charge 

for  positive  charge 

The  formation  of  point  defects  must  follow  three  rules  for  a chemical  reaction. 
Mass  balance  : can  not  be  created  or  destroyed 
Electroneutrality  or  charge  balance  : can  not  be  created  or  destroyed 
Preservation  of  regular  site  ratio  : the  ratio  between  the  number  of  cation  and  anion 
sites  must  remain  constant  and  equal  to  the  ratio  of  the  parent  lattice 

Schottky,  and  Frenkel  defect  reactions  are  representative  reaction  in  case  of 
stoichiometric  defect. 

In  Shottky  defect  reaction,  the  following  reaction  occurs: 

For  M203  oxide,  Null  =>  2V„  + 3V'" 

For  Frenkel  defect  reaction 

Oo  =>  o; + V- 

Nonstoichiometric  defect  reactions  cause  the  change  in  composition  of  the  crystal. 
Mass  is  transferred  across  the  boundaries  of  the  crystal.  There  are  several  cases  that  cause 
a nonstoichiometric  defect  reaction.  One  case  occurs  at  low  oxygen  partial  pressure.  The 


net  Reaction  is 
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Oo^\oo(g)  + V“  +2e’ 

Oxygen  vacancies  are  doubly  ionized  and  carry  an  effective  charge  of +2.  Also,  this 
reaction  leaves  two  weakly  bound  electrons,  which  can  be  easily  excited  into  the 
conduction  band. 

A second  case  is  when  oxygen  is  incorporated  into  the  crystal  interstitially: 
^02(g)=>0"  + 2h‘ 

In  this  case,  ionization  can  also  occur  and  create  holes  in  the  valence  band;  the  defect  acts 
as  an  acceptor. 

The  third  case  is  when  the  oxidation  state  of  the  cations  in  the  transition  metal  is 
changed. 

For  oxidation  of  Fe3C>4,  which  is  spinel  structure, 

\ 02(g)=>0^+v;e+2h • 

2 Fe+2  +2 h'  =>  2Fe+3 

for  a net  reaction  on  above  two  reactions 

\ 02  (g)  + 2 Fe+2  =>  2 Fe+i  +0^+VFe 

This  reaction  creates  holes  to  change  the  valence  state  of  the  cation  from  +2  to  +3. 

There  is  no  existence  of  100%  pure  material.  Crystals  even  known  as  pure  crystal 
contain  impurities.  These  impurities  are  placed  into  crystals  substitutionally  or 
interstitially. 

Let  us  think  about  MgO  doping  into  AI2O3  first,  which  is  p-type  doping. 

2 MgO  =>  2 MgAl  + Vq  + 20 q 

ai2o3 
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second,  AI2O3  doping  into  MgO,  which  is  n-type  doping. 
AI7O}  =>2Al‘Mg  + VMg  + 30n 


3 MgO 


2.8  Characterization 

2.8.1  X-Ray  Diffraction  (XRD) 

X-ray  diffraction  is  one  of  the  basic  characterization  tools  to  identify  crystalline 
qualities  and  phases  of  crystals  in  bulk  materials  and  thin  films.  Also,  structural 
properties  such  as  strain,  grain  size,  epitaxy,  phase  composition,  preferred  orientation, 
and  defect  structure  can  be  measured  using  XRD. 

For  a cubic  system,  a distance  (dhki)  between  planes  can  be  obtained  from  the 
lattice  constant  (ao),  and  Miller  indices  of  plane  (h  k 1). 


dhki  ~ 


■\l  h1  +k2  +l2 


The  thin  films  (or  bulks)  are  exposed  to  a monochromatic  beam  (k  = 1.5404)  of  x- 
rays  from  a Cu-Ka,  and  incident  x-rays  on  a sample  are  scattered  in  all  directions. 
However,  when  there  is  constructive  interference  in  certain  direction  after  x-rays  are 
scattered  by  the  atomic  planes  in  a crystal,  a diffraction  peak  is  observed.  The  condition 
for  constructive  interference  from  planes  with  spacing  dhki  is  given  by  Bragg’s  law. 

nX  = 2dhkl  sin  dm 

where  0hki  is  the  angle  between  the  incident  x-ray  beam  and  the  atomic  planes  (Figure  2- 
1 5).  For  diffraction  to  be  observed,  the  detector  must  be  positioned  so  the  diffraction 
angle  20hki,  and  the  crystal  must  be  oriented  so  that  the  normal  to  the  diffraction  plane  is 
coplanar  with  the  incident  and  diffracted  x-rays,  and  so  that  the  angle  between  the 
diffracting  plane  and  the  incident  x-rays  is  equal  to  the  Bragg  angle  0hki-  For  a single 
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crystal  or  epitaxial  thin  film,  there  is  only  one  specimen  orientation  for  each  (hkl)  plane 
where  these  diffraction  conditions  are  satisfied. 

2.8.2  Four  Circle  XRD 

For  the  thin  film  and  single  crystal  x-ray  diffraction,  a four-circle  x-ray 
diffractometer  is  used.  By  using  the  four  circles  of  the  diffractometer,  the  sample  can  be 
oriented  at  different  angles  to  the  incident  beam  so  that  different  crystallographic  planes 
contribute  to  diffraction  67,68.  Figure  2-16  shows  the  geometry  of  sample  for  four  circle 
XRD.  The  sample  can  also  be  rotated  about  its  normal,  and  from  the  number  of 
diffraction  peaks  obtained  over  a 360°  scan  the  symmetry  of  the  sample  surface  can  be 
studied.  Thus,  the  complete  3D  crystal  structure  and  orientation  of  the  thin  film  with 
respect  to  the  substrate  can  be  determined.  Using  a four-circle  diffractometer  like  one 
shown  in  Figure  2-16,  one  can  determine  the  in-plane  and  out-of-plane  lattice  parameters, 
as  well  as  domain  structure  and  crystalline  quality  through  a variety  of  scans  such  as 
nomial  0-20  scans,  rocking  curves,  off-axis  cp  scans,  and  grazing  incidence  scans. 

In  the  off-axis  cp  scans,  the  q vector  is  at  an  angle  to  the  plane  of  the  film.  As  the 
sample  is  rotated  about  the  phi-axis  over  360°,  this  scan  reveals  information  regarding  the 
symmetry  of  the  crystal  structure  of  the  sample.  The  crystallographic  domain  structure 
and  epitaxy  of  the  film  can  be  characterized. 

2.8.3  Atomic  Force  Microscopy  (AFM) 

AFM  is  one  of  the  powerful  techniques  to  image  a surface  of  a material  with 
nano-scale  resolution  in  all  three  dimensions  unlike  SEM  (Scanning  Electron 
Microscopy).  Sample  preparation  for  AFM  is  simple  compared  to  SEM  or  STM 
(Scanning  Tunneling  Microscopy).  This  means  almost  any  surface  of  materials  can  be 
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studied  using  AFM  including  insulators,  semiconductors,  conductors,  and  transparent 
materials.  In  addition,  AFM  is  a non-destructive  technique,  which  dose  not  require 
coating  of  a conducting  layer  on  the  surface  of  materials. 

AFM  uses  a sharp  tip  mounted  on  a flexible  cantilever.  When  the  tip  comes 
within  a few  A of  the  sample’s  surface,  repulsive  van  der  Waals  forces  between  the  atoms 
on  the  tip  and  those  on  the  sample  surface  cause  the  cantilever  to  deflect.  The  magnitude 
of  the  deflection  depends  on  the  tip-to-sample  distance  d.  For  AFM,  there  are  two  modes 
to  image  the  surface.  One  is  contact  mode,  which  the  tip  moves  on  the  surface,  and  the 
other  is  tapping  mode,  which  the  tip  vibrates  on  the  surface.  Usually,  tapping  mode  is 
used  to  image  a soft  surface  like  polymers. 

Figure  2-17  shows  the  schematic  diagram  of  AFM.  The  deflection  of  the  tip  is 
monitored  using  a laser  beam  and  position-sensitive  photodiode  (PSPD).  Light  from  a 
laser  diode  is  reflected  from  the  back  of  the  cantilever  into  the  PSPD.  A given  cantilever 
deflection  will  then  correspond  to  a specific  position  of  the  laser  beam  on  the  PSPD. 
Because  the  PSPD  is  very  sensitive  (about  0.1  A),  the  vertical  resolution  of  AFM  is  sub- 
A.  AFM  gives  information  such  as  topography,  profilometry,  roughness  of  surface,  and 
grain  size. 

2.8.4  Transmission  Electron  Microscopy  (TEM) 

TEM  has  a high  lateral  resolution  better  than  0.2nm,  and  gives  both  image  and 
diffraction  information  from  a single  sample.  High  voltage  TEM  has  an  advantage  than 
low  voltage  TEM  in  terms  of  electron  penetration  depth  with  less  scattering.  This  makes 
it  possible  for  TEM  to  use  thicker  samples.  Electron  penetration  is  determined  by  the 
mean  distance  between  electron  scattering  events.  There  is  also  a disadvantage  using 
TEM.  That  is  its  limited  depth  resolution  because  even  though  electron  scattering  occurs 
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in  three  dimensions,  electron  scattering  information  is  projected  on  to  a two  dimensional 
fluorescent  screen.  Sometimes  to  overcome  this  poor  depth  resolution,  samples  are  tilted. 

TEM  gives  two  ways  of  sample  observation,  diffraction  mode  and  image  mode.  In 
diffraction  mode,  an  electron  diffraction  pattern  is  obtained  on  the  fluorescent  screen, 
originating  from  the  sample  area  illuminated  by  the  electron  beam.  The  diffraction 
pattern  is  equivalent  to  an  X-ray  diffraction  pattern.  A single  crystal  produces  a spot 
pattern,  a polycrystal  produces  a powder  or  ring  pattern,  and  a glassy  or  amorphous 
produces  a series  of  diffuse  halos.  The  image  mode  produces  an  image  of  the  illuminated 
sample  area  instead  of  a diffraction  pattern.  The  image  can  contain  contrast  brought  about 
by  several  mechanisms:  mass  contrast  due  to  spatial  separations  between  distinct  atomic 
constituents;  thickness  contrast  due  to  nonuniformity  in  sample  thickness;  diffraction 
contrast  which  in  case  of  crystalline  materials  results  from  scattering  of  the  incident 
electron  wave  by  structural  defects;  and  phase  contrast. 

2.8.5  Hall  measurement 

To  measure  Hall  properties  of  samples,  the  van  der  Pauw  geometry  is  chosen.  The 
resistivity  of  the  sample  can  be  measured  without  patterning,  regardless  of  the  shape  of 
the  sample.  Figure  2-18  shows  a configuration  of  four  wires  for  the  van  der  Pauw 
methods  to  measure  resistivity  and  Hall  voltage69.  The  resistance  Ri  is  measured  as  the 
voltage  output  between  contacts  1 and  2 per  unit  current  through  3 and  4.  Also,  R.2  is 
measured  as  same  way  of  Ri  by  current  on  2 and  3 and  voltage  on  1 and  4.  The  resistivity 
of  the  sample  is  obtained  by  the  equation 

(Rl  +R2 ) 

P In  2 2 JKR2 
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Hall  constant  is  measured  by  applying  a magnetic  field  normal  to  the  sample  and 
current  on  the  sample  surface  perpendicular  to  the  magnetic  field  shown  in  Figure  2-1 8(c). 
The  number  of  conduction  electrons  (per  unit  volume) 


Hall  constant,  Rh,  is  inversely  proportional  to  the  density  of  charge  carriers,  N. 


Rh  is  negative  when  electrons  are  the  predominant  charge  carriers. 

2.8.6  Capacitance  and  Voltage  Measurements 

Capacitance  versus  voltage  measurements  give  useful  electrical  information  for 
oxide  samples.  Agilent  HP  4284A  was  used  to  measure  the  dielectric  properties  such  as 
capacitance,  and  loss  tangent  of  oxide  thin  films  on  substrates.  Frequency  can  be  applied 
from  20Hz  to  1MHz  while  a bias  voltage  ranging  from  -40  and  40V  is  applied  with  a 
small  ac  signal  on  the  electrodes. 
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Figure  2-1 . Perovskite  structure 


Polarization 


Figure  2-2.  Ferroelectric  hysteresis  loop 
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Figure  2-3.  Dielectric  constants  as  a function  of  temperature  for  KNbCh41 


Figure  2-4.  Application  fields  and  fundamental  technical  terms  in  future  oxide  electronics 
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Figure  2-5.  Schematic  diagrams  of  (a)  Parallel  plate  capacitor  of  area  A and  separation  d 
in  vacuum  attached  to  a voltage  source  and  (b)  parallel  plate  capacitor  with 
dielectric  material  between  two  plates 
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Figure  2-6.  Definition  of  electric  dipole  moment 
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Figure  2-7.  Schematic  representation  of  different  mechanisms  of  polarization  47 
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Figure  2-8.  Frequency  dependence  of  several  contributions  to  the  polarizability 


Figure  2-9.  Applied  voltage,  charging,  loss,  and  total  currents  for  a capacitor 
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Figure  2-10.  Schematic  diagram  of  several  capacitor  measurement  techniques 
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Figure  2-11.  Schematic  diagram  of  (a)  Interdigital  capacitor  (IDC)  structure  and  (b)  top 
electrodes 
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Figure  2-12.  Schematic  diagrams  of  photon  interaction  to  produce  laser;  (a)  non-lasing 
State,  (b)  excitation  of  atoms  using  light  source,  (c)  photon  emission,  (d) 
stimulated  emission  of  further  photons,  and  (e)  column  of  laser  light  leaving 
optical  oscillator 
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or  gas 


Figure  2-13.  Schematic  diagram  of  pulsed  laser  system  (PLD) 
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Figure  2-14.  Various  type  of  defects  typically  found  in  ceramics.  Misplaced  atoms  can 
only  occur  in  covalent  ceramics  due  to  charge  considerations 
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Figure  2-15.  Bragg’s  law 


Figure  2-16.  Geometry  of  four  circle  x-ray 
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Figure  2-17.  Schematic  diagram  of  atomic  force  microscopy 


47 


R i=v««B 


Yb^jcp 


Figure  2-18.  Schematic  diagram  of  the  geometry  of  Van  der  Pauw  measurements;  (a) 
resistivity,  and  (b)  Hall  constant,  Rh 


CHAPTER  3 

SURFACE  TREATMENT  FOR  FORMING  UNIT-CELL  STEPS  ON  THE  (001) 

KTA03  SUBSTRATE  SURFACE 

3.1  Introduction 

Perovskite  thin-film  materials  display  a variety  of  interesting  properties,  including 
magnetoresistance70,  superconductivity71"74,  optical  nonlinearity75,  large  dielectric 
polarizability,  and  magnetism.  Many  of  these  properties  are  potentially  useful  for  thin 
film  device  applications.  In  most  cases,  the  crystalline  quality  of  epitaxial  thin  films 
determines  the  utility  of  the  material  for  devices  of  interest.  In  all  cases,  the  crystallinity 
of  the  film  depends  on  the  prope  rties  of  the  substrate  surface.  For  the  epitaxial  growth  of 
thin  films  with  minimal  defects,  the  surface  of  the  substrate  should  ideally  be  atomically 
flat,  thus  facilitating  the  growth  of  films  via  layer-by-layer  or  step-flow  growth  modes. 

Studies  of  surface  treatments  that  yield  unit  cell  steps  on  perovskite  single  crystal 
substrates  have  been  limited  in  scope,  with  most  activity  focused  on  the  (001)  SrTiCfi 
surface^  ’ ’ . Surface  with  unit-cell  steps  can  be  used  to  grow  quantum  wires  or 

superlattices.  Using  atomic  force  microscopy  (AFM)  or  scanning  tunneling  microscopy 
(STM),  it  has  been  shown  that  producing  a (001)  surface  on  SrTiCb  with  unit-cell  steps  is 
possible  via  a conversion  of  the  surface  to  strontium  hydroxide,  etching  the  hydroxide 
layer  with  buffered  HF  (BHF),  and  then  following  this  etch  with  a high  temperature 
anneal.  Using  this  approach,  a Ti02-terminated  SrTiCfi  surface  is  realized.  In  a A+2B+4C>3 
compound,  the  sub-units  (SrO  and  TiCh)  are  charge  neutral,  which  apparently  plays  a role 
in  the  stability  of  either  a TiC>2  or  SrO  termination.  While  SrTi03  has  previously  received 
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a significant  level  of  attention,  there  have  been  only  a limited  number  of  studies  of 
surface  treatments  for  other  perovskites  with  different  cation  valences.  KTaOj  is  a 
prototypical  A 'BTlh  cubic  perovskite  that  displays  interesting  optical  and  dielectric 
properties  42,46-84.  it  has  a cubic  lattice  parameter  a = 3. 9885 A and  has  been  characterized 
previously  as  a substrate  for  the  epitaxial  growth  of  various  oxide  thin  films  85'90.  The 
dielectric  constant  of  KTaCh  is  4500  (at  200  kHz  and  4.2K)  and  the  loss  tangent  is  0.001. 
In  the  present  work,  surface  treatments  employing  wet  chemical  etching  and  annealing 
have  been  carried  out  for  a polished  KTaCb  substrate  with  the  objective  of  achieving 
epitaxial-quality  (001)  surfaces  with  unit-cell  steps.  In  the  future,  quantum  wires  and 
superlattices  can  be  grown  on  the  surface  treated  KTaCb  substrates  having  unit-cell  steps. 

3.2  Experimental  Methods 

The  substrate  surfaces  were  initially  prepared  by  the  chemical-mechanical 
polishing  of  (lOO)-oriented  KTaCA  single  crystals.  The  substrates  were  then 
ultrasonically  cleaned  using  trichloroethylene,  acetone,  and  methanol,  followed  by  drying 
with  an  N2  gas  flow.  As  shown  in  the  AFM  image  in  Figure  3-1,  the  as-polished  surface 
did  not  exhibit  any  evidence  of  a step  structure,  and  the  RMS  roughness  was  determined 
to  be  0.238nm.  The  evolution  of  the  surface  structure  on  KTaC>3  substrates  initially 
prepared  as  described  above  was  examined  for  samples  that  were  subsequently  etched 
with  a commercially  available  buffered  oxide  etchant  (BOE)  (i.e.,NH4F:  HF  = 7:1) 
followed  by  annealing  treatments  in  air.  The  surface  morphology  of  the  etched/annealed 
(100)  KTaC>3  surfaces  was  then  characterized  using  a Digital  Instruments  Nanoscope  III 
AFM  operating  in  air  in  the  contact  mode. 
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3.3  Results  and  Discussion 

The  surface  chemistry  of  KTaCb  is  similar  to  that  of  SrTiC>3  in  that  the  /4-site 
termination  is  expected  to  yield  a stable  hydroxide  termination  when  exposed  to  air. 
Accordingly,  as  in  the  case  of  SrTiCh,  the  formation  of  unit-cell-high  steps  on  the  (001) 
KTaCh  surface  via  hydroxide  removal  by  etching  followed  by  annealing  treatments  was 
explored.  Surfaces  that  were  annealed  with  no  etching  treatment  yielded  no  step  structure. 
Figure  3-2  shows  the  surface  microstructure  of  a KTaC>3  (001)  crystal  that  was  not  etched 
but  that  was  subjected  to  annealing  at  900  and  1000°C.  No  step  structure  evolves  after 
annealing  at  temperatures  up  to  1000°C  for  extended  times  (up  to  4 h).  The  lack  of 
surface  steps  is  attributed  to  a failure  to  remove  the  hydroxide  termination.  If  the  (001) 
KTaCb  substrate  is  first  etched  in  the  buffered-oxide  etchant  and  then  annealed  at  high 
temperature,  unit-cell-high  steps  are  observed  as  can  be  seen  in  Figure  3-3.  For  the 
surface  shown  in  Figure  3-3,  the  substrate  was  etched  at  room  temperature  for  15  min  and 
then  annealed  in  air  at  700°C  for  3h.  The  height  of  the  steps  varies  between  ~4  to  6 A 
and  ~12  A.  Previous  work  on  the  (001)  KTaCb  surface  suggests  that  a segregation  of  K 
occurs  as  the  single  crystals  are  subjected  to  high  temperature  annealing,  with  the 
possible  formation  of  Ruddlesden-Popper  type  KO(KTa03)n  phases  near  the  surface  91 . 
This  effect  could  explain  the  observed  step  heights  of  ~6  A and  ~12  A. 

The  formation  of  a stepped  surface  microstructure  on  KTaCb  was  sensitive  to  the 
specific  etching/annealing  treatment  applied.  Figure  3-4  shows  AFM  images  of  KTaCb 
surfaces  that  were  etched  in  BOE  for  various  times  followed  by  annealing  at  700°C  for  4 
hours.  These  images  are  5pm  x 5pm  in  size.  For  a 12  min  etch,  there  is  no  significant 
change  in  the  KTaCh  surface  structure  after  annealing  - as  is  evident  in  Figure  3-4  (a). 
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However,  for  a slightly  longer  etch  time,  surface  steps  do  emerge.  For  the  surface  shown 
in  Figure  3-4  (b),  the  etching  time  was  15  min.  The  height  of  the  surface  steps  of 
approximately  0.4  nm  is  agreement  with  the  lattice  parameter  of  KTaCb-  The  width  of 
the  terraces  for  this  sample  was  500-800  nm.  This  yields  a miscut  angle  for  the  (001) 
KTaCb  crystal  of  less  than  1°.  It  should  be  noted  that,  if  the  etching  time  is  extended 
beyond  1 5 min,  macroscopic  particles  are  observed  to  form  on  the  surface  following  the 
annealing  step.  Figure  3-4  (c)  shows  the  surface  of  a substrate  that  is  etched  for  30  min 
then  annealed  at  700°C  for  4 hours.  The  precipitates  are  sub-micron  in  diameter.  The 
RMS  roughness  of  the  substrates  as  a function  of  etching  time  for  samples  annealed  at 
700°C  for  4 h is  shown  in  Figure  3-5. 

The  resulting  surface  structure  for  samples  subjected  to  higher  temperature 
anneals  was  also  examined.  Figure  3-6  shows  the  AFM  images  of  KTaCb  surfaces  that 
were  etched  for  various  times  with  BOE,  then  annealed  in  air  at  900°C  for  4 hours. 

Figure  3-6  (a)  shows  a surface  that  was  annealed  without  etching.  No  etch  pits  were 
observed  in  the  KTaCb  surfaces,  as  are  often  observed  for  (001)  SrTiCb-  As  can  been 
seen  in  Figure  3-6  (b),  a step  structure  begins  to  appear  on  the  surface  of  KTaCb  when 
etched  for  2 min,  followed  by  annealing  at  900°C.  This  is  more  clearly  seen  in  Figure  3-7. 
With  5 min  of  etching  (Figure  3 -6(c)),  round  particulates  become  evident  after  annealing. 
The  size  of  these  particles  is  80-  160  nm.  These  particulates  are  believed  to  be  Ta2Cb 
that  forms  due  to  a loss  of  K from  the  KTaCb  surface  during  annealing.  Previous 
thermogravimetric  measurements  on  KTaCb  crystals  annealed  at  800-900°C  indicated 
that  some  depletion  of  the  material  due  to  K loss  does  occur  [27].  We  were  unable  to 
verify  the  composition  of  these  particulates  due  to  their  relatively  small  size.  Figure  3-8 
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shows  the  RMS  surface  roughness  results  for  a (001)  KTaCh  crystal  etched  at  various 
times,  followed  by  annealing  at  900°C.  The  RMS  values  increased  as  etching  time 
increased.  Note  that  the  surface  roughness  of  KTaCh  annealed  at  700°C  is  smaller  than 
for  samples  annealed  at  900°C.  Figure  3-9  shows  AFM  images  of  KTaCb  single-crystal 
surfaces  annealed  in  air  at  1000°C  for  1 hour  (5pm  x 5pm  in  image  size)  both:  (a) 
without  and  (b)  with  chemical  etching.  The  surface  roughness  of  the  annealed  KTaCb 
substrate  without  etching  was  larger  than  that  of  other  substrates  etched  for  different 
times.  No  particulates  were  observed  on  the  surface  even  though  the  annealing 
temperature  was  the  highest  employed. 

Although  unit-cell-high  surface  steps  could  be  formed  for  (001)  KTaCb  substrates 
etched  in  BOE,  followed  by  annealing  in  air,  the  volatility  of  K from  the  surface  during 
the  anneal  remains  a concern.  In  order  to  address  this  issue,  several  etched  substrates 
were  annealed  in  a covered  crucible  that  contained  the  substrate  and  additional  KTaCE 
powder.  The  KTaCb  powder  provides  an  over  pressure  of  K and  should  reduce  the  K loss. 
Figure  3-10(a)  shows  AFM  images  of  KTaCE  (001)  single  crystals  that  were  etched  with 
BOE,  followed  by  annealing  at  700°C  for  3 hours  in  air  either  with  or  without  the 
presence  of  KTa03  powder.  The  KTa03  surface  in  Figure  3-10(a)  was  etched  with  BOE 
for  1 8 min,  then  annealed  at  700°C  for  3 hours  with  KTa03  powder.  In  this  image, 
particles  are  observed  on  the  surface  of  KTa03.  Figure  3-10(b)  shows  AFM  images  of 
KTa03  single  crystal  surfaces  after  etching  with  BOE  for  8 min  and  then  annealing  in  air 
at  1000°C  for  3 hours  with  KTa03  powder.  In  this  case,  the  particulates  are  not  randomly 
oriented  on  the  surface,  but  are  aligned  along  either  the  [100]  or  [010]  directions.  The 
average  height  of  the  particulates  is  ~30  nm  and  their  width  is  around  200  nm.  Again,  it 
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is  difficult  to  determine  the  composition  of  these  particulates  due  to  their  small  size.  The 
RMS  value  of  a 1 0 pm  x 10pm  area  of  the  substrate  was  4.980  nm  and  the  RMS  value  of 
the  particle-free  region  was  0.580  nm. 

3.4  Conclusion 

The  formation  of  unit-cell-high  steps  on  a (001)  KTaCfi  surface  was  achieved. 

The  two-step  process  (etching  and  annealing)  for  forming  unit-cell  steps  suggests  that  the 
as-polished  substrates  have  a surface  terminated  by  a hydroxide,  presumably  potassium 
hydroxide.  The  etching  step  removes  the  hydroxide,  yielding  a surface  suitable  for 
reconstruction  via  annealing.  Longer  etching  times  and  higher  annealing  temperatures 
cause  a roughening  of  the  surface  and  the  formation  of  particulates  on  the  surface  of  the 
KTa03  (100)  face. 
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Figure  3-1.  AFM  image  of  a chemically-mechanically  polished  KTaCh  surface. 


55 


(a)  900°C  anneal 

I.Oum  lo.Onm 
te  5.0nm 
■ O.Onm 

0.5um 


Oum 

Oum  0.5um  I.Oum 


(b)  1000°C  anneal 

S.O^m  lo.Onm 

|5.0nm 
■ O.Onm 

2.5^m 
0(im 

0|o.m  2.5jam  5.0|xm 


Figure  3-2.  AFM  images  of  a KTaCb  surface  that  was:  (a)  annealed  at  900°C  for  4h,  and 
(b)  annealed  at  1000°C  for  4h. 
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Figure  3-3.  AFM  images  of  a KTaCh  surface  that  was:  (a)  etched  18min  only,  and  (b) 
etched  15min,  then  annealed  700°C  for  3h. 
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(d)  Surface  section  in  (b) 


Figure  3-4.  AFM  images  of  surface-treated  KTa03  as  a function  of  etching  time  with 
BOE  and  then  annealed  at  700°C  for  4 h:  (a)  12  min,  (b)  15  min,  (c)  30  min 
(5fum  x 5 jam),  and  (d)  surface  section  in  (b). 
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Figure  3-5.  RMS  surface  roughness  values  of  surface-treated  KTaCb  as  a function  of 
etching  time  with  BOE  and  then  annealed  at  700°C  for  4 h. 
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Figure  3-6.  AFM  images  of  surface-treated  KTa03  as  a function  of  etching  time  with 

BOE  and  then  annealed  at  900°C  for  4 h : (a)  without  etching,  (b)  2 min,  (c)  5 
min,  and  (d)  30  min  (l|j.m  x 1 |am) 


60 


Figure  3-7.  Enlarged  AFM  image  of  KTa03  etched  with  BOE  for  2 min  followed  by 
annealing  at  900°C  (l|im  x 1 |am) 
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Figure  3-8.  RMS  surface  roughness  values  of  surface  treated  KTaC>3  as  a function  of 
etching  time  with  BOE  and  then  annealed  at  900°C  for  4 h. 
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Figure  3-9.  AFM  images  of  a KTaC^  single  crystal  surface  annealed  at  1000°C  for  1 h (a) 
without  etching  and  (b)  after  etched  in  BOE  for  lOmin. 
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Figure  3-10.  AFM  images  of  a KTa03  single-crystal  surface  that  was  (a)  etched  in  BOE 
for  1 8min,  then  annealed  at  700°C  for  3 h with  KTa03  powder.  The  RMS 
roughness  was  1.385nm  (RMS  of  particle-free  area  : 0.450  nm).  Also  shown 
(b)  are  AFM  images  of  a KTa03  surface  that  was  etched  in  BOE  for  8min  and 
then  annealed  at  1000°C  for  3 h with  KTa03  powder.  The  RMS  was 
4.980nm,  (in  the  particle-free  area  : 0.580  nm). 


CHAPTER  4 

GROWTH  OF  SEMICONDUCTING  KTAO3  THIN  FILMS 

4.1  Introduction 

Perovskites  represent  an  important  class  of  oxide  materials,  exhibiting  many 
interesting  properties,  including  piezoelectric,  pyroelectric,  ferroelectric,  and  electro- 
optic  . Many  of  these  materials  can  be  doped  with  charge  carriers  to  yield 
semiconducting  behavior  as  well.  At  elevated  temperatures,  semiconducting  perovskites 
are  useful  in  gas  sensor  and  fuel  cell  applications  93,94.  Recently,  both  metallic  and 
semiconducting  perovskites  have  been  explored  as  conducting  oxide  electrodes  in 
ferroelectric  memory  devices  95  as  well  as  a channel  material  in  novel  electric  field-effect 
device  structures  96 . Among  the  perovskite  materials,  KTaCb  has  several  properties  that 
make  it  attractive  for  study  as  a semiconducting  thin  film  material.  The  insulating  KTaCf 
system  has  been  investigated  for  use  in  optical  waveguides  and  tunable  microwave 
applications.  KTa03  is  an  incipient  ferroelectric  material  with  a cubic  perovskite  structure 
(a=3.9885  A)  and  formal  ionic  charges  of  K+,  Ta5+,  and  O2' 42,97,98.  The  dielectric  constant 
of  KTaCh  is  4500  at  4.2K  (200kHz)  and  243  at  25°C  (200kHz).  In  comparison  to  other 
perovskite  materials,  such  as  the  titanantes  or  zirconates,  achieving  semiconducting 
behavior  in  KTaCb  is  relatively  difficult.  This  is  due,  in  large  part,  to  the  strong  tendency 
of  Ta  to  assume  the  +5  oxidation  state.  Nevertheless,  n-type  semiconducting  behavior  has 
been  reported  in  bulk  material  either  by  cation  doping  or  through  the  introduction  of  O 
vacancies  in  reduced  conditions  99’100.  One  candidate  donor  dopant  is  Ca2+,  as  substitution 
on  the  K+  site  should  yield  electron  doping.  While  pure  KTa03  bulk  crystals  exhibit  a 
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high  resistivity  due  to  the  large  bandgap,  reduction  of  the  crystal  to  KTaCh-x  can  result  in 
a resistivity  of  10'1  Qcm,  a Hall  mobility  as  high  as  30  cm2/Vs  at  room  temperature  and 
2.3  x 104  cm2/  Vs  at  4.2K,  and  a carrier  concentration  of  1017  - 1019  cm'3  101 . The 
bandgap  of  KTa03  is  ~ 3.8  eV  102.  From  electron  tunneling  measurements,  the  density  of 
states  effective  mass  was  estimated  to  be  0.5  -0.7  me  l03'104,  which  is  remarkably  low  for  a 
semiconducting  perovskite  oxide. 

4.2  Experimental  Methods 

Given  these  attractive  semiconducting  properties  in  bulk  materials,  it  would  be 
interesting  to  investigate  the  synthesis  of  semiconducting  KTaC>3  thin  films  for  potential 
semiconducting  oxide  applications.  Numerous  semiconducting  perovskite  materials  have 
been  grown  as  thin  films,  including  cation-doped  BaTiC>3  105'107  and  SrTiC>3  108’109. 
However,  the  synthesis  of  semiconducting  KTaC^  films  has  not  been  reported.  In  this 
paper,  we  examine  the  growth  of  semiconducting  KTaC>3  thin  films  using  pulsed-laser 
deposition.  Single  crystal  MgO  (100)  was  used  as  the  substrate  material.  Prior  to 
deposition,  the  MgO  substrates  were  ultrasonically  cleaned  with  trichloroethylene, 
acetone,  and  methanol,  followed  by  compressed  N2  drying.  For  the  growth  of  both 
undoped  and  1 at.  % Ca  doped  KTa03  films,  segmented  laser  ablation  targets  were 
prepared41,110.  In  the  growth  of  KTa03  films,  potassium  deficiency  is  a significant  issue 
due  to  the  high  vapor  pressure  of  potassium  at  the  deposition  temperature  range  of  650  - 
750°C.  In  order  to  compensate  for  potassium  loss,  a segmented  target,  consisting  of  50% 
KTaCfi  and  50%  KNO3,  was  used.  Schematic  diagram  of  the  segmented  KTa03/KN03 
target  was  shown  in  Figure  4-1.  Base  pressure  of  the  deposition  chamber  was  4.5  x 10"6 
Torr.  A KrF  (248nm)  laser  was  used  at  a frequency  of  5Hz  and  energy  density  of  5J/cm  . 
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Distance  between  target  and  substrate  was  ~6cm.  Prior  to  growth,  the  laser  target  was 
cleaned  in  situ  by  preablating  with  approximately  2000  shots.  Film  thickness  was  200  nm 
with  a growth  rate  of  0.1 1 A/pulse.  The  deposited  films  were  characterized  using  X-ray 
diffraction,  atomic  force  microscopy,  field-emission  scanning  electron  microscopy,  and 
Hall  measurement. 

4.3  Results  and  Discussion 

Initial  efforts  focused  on  the  growth  of  epitaxial  Ca  doped  KTaC>3  in  an  oxygen 
background  ambient.  Both  crystallinity  and  transport  were  studied  as  a function  of 
deposition  temperature  and  oxygen  pressure.  Figure  4-2  shows  the  X-ray  diffraction 
results  for  KTaChiCa  films  grown  in  10'4  Torr  of  oxygen  at  various  deposition 
temperatures.  For  the  50/50  Ca  doped-KTa(VKN03  segmented  target  configuration,  a 
deposition  temperature  of  700  °C  resulted  in  a high  degree  of  crystallinity  as  determined 
by  X-ray  diffraction.  The  lack  of  good  crystallinity  for  KTaC^iCa  films  deposited  at  750 
°C  may  reflect  potassium  deficiency  due  to  the  high  vapor  pressure  of  potassium  at  this 
deposition  temperature.  Despite  the  inclusion  of  Ca  as  a donor  impurity,  the  films 
deposited  at  10'4  Torr  were  insulating  and  transparent  with  no  measurable  conductance. 

In  order  to  explore  the  doping  behavior  further,  Ca  doped  films  were  grown  at 
700  °C  in  an  oxygen  ambient  ranging  from  vacuum  (5  x 10‘6  Torr)  to  10'1  Torr  of  oxygen. 
Figure  4-3  shows  the  X-ray  diffraction  results  for  KTaCbiCa  films  grown  on  MgO 
substrate  as  a function  of  oxygen  pressure  at  a deposition  temperature  of  700  °C.  Over 
this  entire  pressure  range,  the  epitaxial  growth  of  Ca-doped  KTa03  was  achieved.  Note 
that  the  strongest  intensity  (0  0/)  KTa03  peaks  were  observed  for  an  oxygen  pressure  of 
10‘3  Torr.  However,  for  the  entire  pressure  range,  the  Ca-doped  KTa03  films  were 
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insulating.  This  result  differs  from  that  observed  for  other  perovskites,  such  as  the 
titanates,  in  which  semiconducting  behavior  is  observed  for  growth  in  vacuum. 

In  order  to  successfully  reduce  the  Ca-doped  KTa03  films  and  achieve 
semiconducting  behavior,  the  use  of  hydrogen  as  a reactive  background  gas  was 
implemented.  It  is  well  known  that  many  oxides  can  be  made  oxygen  deficient  via 
hydrogen  reduction.  It  is  also  true  that  hydrogen  can  serve  as  a shallow  dopant  in  some 
oxides.  Figure  4-4  shows  the  X-ray  diffraction  results  of  Ca  doped  KTaC>3  films  on  MgO 
(100)  grown  at  a substrate  temperature  of  700  °C  at  various  pressures  of  96%  Ar/4%  H2. 
For  Ar/FF  pressure  up  to  30mTorr,  epitaxial  Ca-doped  KTaCfi  films  were  obtained. 

Four-circle  X-ray  diffraction  was  used  to  investigate  in-plane  alignment  of  the 
film.  Figure  4-5(a)  shows  the  cp-scan  results  for  the  KTaChiCa  film  on  MgO.  The  in-plane 
orientation  of  the  film  is  evident  via  a (p-scan  through  the  KTaCbiCa  (1 10).  The  film  is 
in-plane  aligned  with  a cube  on  cube  epitaxial  relationship  to  the  MgO  substrate.  The  in- 
plane mosaic  spread  was  3.7°.  Figure  4-5(b)  shows  the  out-of-plane  rocking  curve  of 
KTa03:Ca  (200)  peak.  The  full  width  at  half  maximum  (FWHM)  of  KTa03:Ca  was  2.3°. 
the  lattice  constant  of  the  Ca-doped  KTa03  was  3.9885  A.  Figure  4-6  shows  a FE-SEM 
image  of  the  surface  morphology  of  semiconducting  KTa03:Ca  film  on  (100)  MgO 
substrate  deposited  at  700  °C  for  lhr  in  30  mTorr  of  96%  Ar/4%  H2.  The  grain  size  is 
approximately  100-1 50nm. 

Semiconducting  properties  of  KTa03:Ca  film  were  measured  for  films  grown  at 
30mTorr  of  96%  Ar/  4%  H2  atmosphere.  KTa03  films  grown  under  this  condition  were 
dark  blue.  This  dark  blue  color  is  considered  to  be  due  to  formation  of  impurity  energy 
level  inside  the  band  gap  of  KTaCb.  The  room  temperature  properties  of  the  KTa03:Ca 
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film  were  investigated  via  Hall  measurement  in  a Van  der  Pauw  configuration.  These 
measurements  were  performed  using  a 8 kG  field  and  a measurement  current  of  1 mA. 
Also,  temperature  dependence  of  resistivity  of  Ca-doped  KTa03  thin  film  on  (001)  MgO 
was  seen  in  Figure  4-7.  The  resistivity  of  Ca-doped  KTa03  film  decreased  as  temperature 
increased  from  180K  to  300K.  This  behavior  was  consistent  with  semiconducting 
behavior.  The  film  resistivity  of  the  Ca-doped  KTa03  film  was  10.4  Qcm.  conductivity 
was  n-type  with  a Hall  mobility  of  0.27  cm2/Vs  and  a carrier  density  of  3 x 1018  cm'3. 
Note  that  semiconducting  behavior  was  also  observed  for  KTa03  (no  Ca)  films  grown  in 
30  mTorr  Ar/H2  at  700  °C.  This  suggests  that  oxygen  deficiency  is  responsible  for  n-type 
behavior  in  both  materials. 

4.4  Conclusion 

In  this  study,  conditions  for  growth  of  insulating  and  semiconducting  KTa03:Ca 
film  were  investigated.  Unlike  other  perovskites,  such  as  the  titanates,  semiconducting 
behavior  is  not  observed  for  growth  in  vacuum.  This  resistance  to  forming  free  carriers 
reflects  the  tendency  for  K and  Ta  to  assume  a specific  valence  state.  The  difficulty  in 
varying  the  valence  state  of  the  cation  greatly  retards  the  ability  to  make  the  films 
semiconducting.  Nevertheless,  epitaxially  grown  KTa03:Ca  films  grown  in  30  mTorr 
partial  pressure  of  96%  Ar/  4%  H2  atmosphere  at  700  °C  were  semiconducting.  The 
resistivity  of  KTa03:Ca  film  was  10.4  Qcm  at  room  temperature  and  showed  n-type 
semiconducting  behavior. 
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Figure  4-1.  Schematic  diagrmam  of  the  segmented  KTaCb/KNCh  target 
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Figure  4-2.  X-ray  diffraction  results  of  KTa03:Ca  fdm  grown  on  MgO  (100)  substrate  as 
a function  of  deposition  temperature. 
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Figure  4-3.  X-ray  diffraction  results  of  KTaC^Ca  film  grown  on  MgO  (100)  substrate  as 
a function  of  different  oxygen  pressure  at  deposition  temperature  of  700  °C. 
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Figure  4-4.  X-ray  diffraction  results  of  Ca  doped  KTaC>3  semiconducting  film  grown  on 
MgO  (100)  substrate  at  deposition  temperature  of  700  °C  in  reduced  pressure 
of  96%  Ar/4%  H2. 
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Figure  4-5.  X-ray  diffraction  Phi  scan  and  rocking  curve  data. 
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Figure  4-6.  FE-SEM  images  of  surface  morphology  of  semiconducting  KTO:Ca  film  on 
(100)  MgO  substrate,  which  was  deposited  at  700°C  for  lhr  with  SOmTorr  of 
96%Ar/4%  Ff2  mixture  gas  using  pulsed  laser  deposition. 


Figure  4-7.  Resistivity  of  Ca  doped  KTaCE  thin  film  as  a function  of  temperature. 


CHAPTER  5 

DIELECTRIC  PROPERTIES  OF  TI-DOPED  K(TA,NB)03  THIN  FILMS  GROWN  BY 

PULSED  LASER  DEPOSITION 

5.1  Introduction 

In  recent  years,  perovskite  dielectric  materials  have  been  considered  for 
application  in  high  density  dynamic  random  access  memories,  large  scale  integrated 
capacitors,  phase  shifters,  band-pass  filters,  and  non-linear  optics  U1'114.  For  tunable 
microwave  applications,  tunability  of  the  dielectric  response  under  small  bias  voltage  is 
required  1 15-1 17 . For  a ferroelectric/paraelectric  to  be  useful  in  tunable  device  applications, 
the  material  must  exhibit  a large  change  in  dielectric  constant  with  applied  electric  field, 
it  must  have  a low  loss  tangent  with  and  without  applied  bias  voltage,  and  the  film  should 
have  a dielectric  constant  less  than  500  to  facilitate  insertion  into  a microwave  circuit. 
Among  the  perovskite  materials  considered,  BaxSri.xTi03118  has  received  the  most 
attention  as  a tunable  ferroelectric  material.  However,  KTai_xNbx03  (KTN)  is  also  an 
attractive  paraelectric  / ferroelectric  for  microwave  applications.  As  with  (Ba,Sr)Ti03, 
KTai.xNbx03  forms  a solid  solution  for  0 < x < 1.0  44.  KTa03  is  a cubic  paraelectric  with 
a room  temperature  lattice  parameter  of  3.9885A.  Doping  with  Nb  yields  a ferroelectric 
KTai_xNbx03  solid  solution  with  a Curie  temperature,  Tc,  that  increases  continuously  with 
increasing  x 46.  The  end  member  KNb03  undergoes  a ferroelectric  phase  transition  at  704 
K,  changing  from  cubic  (a=4.022A)  to  tetragonal  (a=b=3.997  A,  c=4.063  A).  Additional 
structural  transitions  include  an  orthorhombic  structure  (a=4.035  A,  b=3.973  A,  and 
c=4.035  A)  at  498K  and  rhombohedral  at  265K  1 19.  Studies  of  the  dielectric  properties  of 
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bulk  KTN  ceramics  and  single  crystals  97’120,  thin  films  41’110,  and  KTa03/KNb03 
superlattices  ’ indicate  dielectric  behavior  that  is  very  similar  to  (Ba,Sr)Ti03, 
including  tunability  of  the  dielectric  response  with  applied  electric  field. 

For  tunable  dielectrics,  a key  issue  is  dielectric  loss.  While  high  dielectric 
tunability  has  been  demonstrated  for  both  (Ba,Sr)Ti03  and  K(Ta,Nb)03  thin  films,  the 
accompanying  losses  are  relatively  high.  A significant  fraction  of  the  dielectric  loss  for 
these  materials  is  likely  associated  with  donor  states  due  to  vacancies  on  the  oxygen  sub- 
lattice. It  is  well  known  that  oxygen  vacancies  in  these  perovskite  materials  yield  donor 
states  resulting  in  high  loss,  or  even  dc  conductive  materials,  if  the  defect  densities  are 
sufficiently  high.  One  approach  to  reducing  losses  previously  demonstrated  in 
(Ba,Sr)Ti03  is  acceptor  doping  122'124.  For  (Ba,Sr)Ti03  materials,  doping  with  various  +2 
and  +3  valence  state  cations  on  the  perovskite  B-site  yields  compensating  acceptor  states. 
This  can  lead  to  a reduction  in  loss  as  electrons  are  trapped  on  the  acceptor  sites.  Doping 
studies  on  K(Ta,Nb)03  have  included  K(Ta,Nb)03  single  crystals  doped  with  Ca  or  Li  to 
modify  the  ferroelectric  properties  by  introducing  disorder  125"127.  However,  no  studies 
have  addressed  reduction  of  the  dielectric  losses  by  means  of  acceptor  doping.  In  the 
present  study,  the  effect  of  Ti  doping  on  the  dielectric  response  of  KTN  films  is 
investigated.  The  most  stable  valence  state  for  Ti  is  +4,  which  should  provide  an  acceptor 
state  when  substituted  on  the  Nb  or  Ta  site.  The  ionic  radius  of  Ti4+  is  0.605  A for  a 
coordination  number  of  six.  This  radius  is  similar  to  that  for  Ta5+  (0.64  A)  and  Nb?+  (0.64 
A),  and  should  yield  substitutional  doping  on  the  B-site.  In  this  work,  the  effects  of  Ti  ion 
substitution  on  dielectric  losses  in  thin  films  are  investigated.  In  addition,  the  influence 
of  Ti  doping  on  dielectric  constant  and  tunability  are  also  reported. 
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5.2  Experimental  Methods 

The  epitaxial  Ti-doped  K(Ta,Nb)03  films  were  grown  using  pulsed  laser 
deposition.  The  dielectric  properties  of  the  films  were  measured  for  materials  synthesized 
over  a range  of  growth  conditions.  The  chosen  solid  solution  was  KTao.524Nbo.446Tio.03O3. 
The  bulk  ferroelectric  transition  temperature  for  a solid  solution  with  an  equivalent  Ta/Nb 
ratio  (KTao.54Nbo.46O3)  is  70°C.  With  this  compound,  the  dielectric  response  both  below 
and  above  the  Curie  temperature  of  the  equivalent  material  with  no  Ti  could  be 
investigated. 

KTao.524Nbo.446Tio.03O3  (KTN:Ti)  ablation  targets  were  made  by  solid  state 
synthesis.  The  starting  materials  were  puratonic  grades  of  K2CO3,  Ta2Os,  M^Os,  and 
Ti02.  These  powders  were  measured  to  meet  desired  composition  and  then  uniformly 
mixed  in  methanol  base  using  conventional  method.  The  powders  were  reacted  in  air  at 
900°C  for  4 hrs  to  form  KTN:Ti  phases.  KTN:Ti  phases  of  calcined  powders  were 
confirmed  by  x-ray  diffraction  method.  Then  these  powders  were  reground,  pressed,  and 
sintered  at  1 150°C  for  an  additional  20  hrs. 

KTao.524Nbo.446Tio.03O3  films  were  grown  on  single  crystal  (OOl)-oriented  MgO 
substrates.  The  substrates  were  ultrasonically  cleaned  with  trichloroethylene,  acetone, 
and  methanol,  and  blown  dry  with  compressed  N2.  In  order  to  compensate  for  K loss 
during  in-situ  film  growth,  segmented  KTN:Ti/KN03  ablation  targets  were  used. 
Deposition  temperatures  ranging  from  650  °C  - 750  °C  were  investigated.  A KrF 
(248nm)  laser  was  used  as  the  ablation  source.  The  laser  repetition  rate  was  1Hz  with  an 

'j 

energy  density  of  5J/cm  . Target  to  substrate  distance  was  fixed  at  4cm.  Prior  to  growth, 
the  ablation  target  was  cleaned  by  pre-ablating  2000  shots.  KTN:Ti  films  were  deposited 
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at  various  oxygen  pressures.  Film  thickness  was  measured  with  a step  profilometer.  For 
this  study,  film  thickness  was  maintained  at  approximately  250nm.  After  KTN:Ti  film 
growth,  Al/Cr  interdigitated  electrodes  were  deposited  via  RF  sputtering.  The  electrode 
pattern  was  defined  using  lift  off  photolithography.  The  length  of  electrode  fingers  was 
1mm,  the  finger  width  was  10p.m.  Distance  between  the  fingers  was  10pm.  The  KTN:Ti 
films  were  characterized  by  x-ray  diffraction  (XRD),  atomic  force  microscopy  (AFM), 
and  capacitance  measurements.  The  capacitance  measurements  included  the  application 
of  a DC  bias  voltage  in  order  to  probe  dielectric  tunability.  The  measurements  using  FIP 
4284A  LCR  meter  were  performed  in  air  at  1MHz  over  a temperature  range  of  20-260°C. 

5.3  Results  and  Discussion 

First,  KTa0.524Nb0.446Ti0.03O3  (KTN:Ti)  films  were  grown  on  (001)  oriented  MgO 
single  crystals  in  lOOmTorr  of  oxygen  ambient  with  different  growth  temperature  ranging 
from  550°C  - 750°C.  The  crystallinity  of  KTN:Ti  films  grown  on  (001)  MgO  was 
investigated  using  x-ray  diffraction  shown  in  Figure  5-1,  which  was  using  wavelength  of 
1.5405A  of  Cu  Ka  with  40kV  and  20mA.  KTN:Ti  films  grown  below  650°C  were 
amorphous.  The  (001)  and  (002)  peaks  of  KTN:Ti  film  appeared  from  growth 
temperature  of  700°C.  The  high  intensity  peaks  of  KTN:Ti  films  were  observed  in  the 
KTN:Ti  film  grown  at  750°C  with  lOOmTorr  of  oxygen  ambient. 

Epitaxial  growth  of  KTao.524Nbo.446Tio.03O3  (KTN:Ti)  thin  films  was  achieved  at  a 
growth  temperature  of  750°C  in  background  pressures  ranging  from  0.01-150  mTorr. 
Figure  5-  2 shows  the  results  from  0-20  x-ray  diffraction  (XRD)  measurements  for 
KTN:Ti  films  grown  on  (001)  MgO  at  different  oxygen  pressures.  The  deposition 
temperature  was  750°C  for  all  films  considered  in  Figure  5-2.  The  XRD  results  indicate 


77 


good  crystallinity  for  all  of  the  KTN:Ti  films  grown  at  these  conditions.  The  films  are 
mostly  (001)  oriented,  with  only  a small  KTN  (110)  peak  observed  in  the  diffraction 
pattern.  The  Ag  peak  is  from  the  Ag  paint  used  in  mounting  the  substrates  on  the  heater 
platen.  The  intensity  of  the  diffraction  peaks  are  somewhat  less  for  the  film  grown  in 
vacuum  (0.01  mTorr).  Note  that  there  is  a measurable  reduction  in  c-axis  lattice  spacing 
with  increasing  oxygen  pressure  during  growth.  From  the  0-20  plots,  the  lattice  spacing 
shifts  from  4.0155  A for  films  grown  in  vacuum  to  4.0004  A for  films  grown  in  150 
mTorr  of  oxygen.  Larger  lattice  spacing  in  oxides  often  reflects  the  presence  of  oxygen 
vacancies. 

The  epitaxial  relationship  of  the  Ti-doped  KTN  films  on  the  (001)  MgO  substrate 
was  investigated  using  four-circle  XRD.  Figure  5-3  shows  an  in-plane  c(>-scan  through 
the  KTN:Ti  (11 1)  peaks  for  a film  grown  at  750°C  in  100  mTorr  O2.  The  full-width  half- 
maximum of  the  (j>  peak  is  1.84°.  Despite  the  lattice  mismatch  between  the  KTN  film  and 
MgO  substrate,  the  (j>-scan  indicates  cube-on-cube  in-plane  alignment  of  the  KTN:Ti  film 
on  the  MgO  substrate.  Also  shown  in  the  Figure  5-3  is  the  rocking  curve  for  the  KTN:Ti 
(002)  peak.  The  full-width  half-maximum  (FWHM)  of  the  KTN:Ti  (002)  peak  is  0.56°. 

Figure  5-4  is  the  HRTEM  images  and  diffraction  patterns  at  the  MgO,  the  KTN:Ti 
film  and  the  interface  between  the  MgO  substrate  and  the  KTN:Ti  film.  KTN:Ti  film  was 
grown  on  the  (001)  MgO  substrate  at  growth  pressure  of  750°C,  and  oxygen  atmosphere 
of  lOOmTorr.  The  sharp  interface  between  the  KTN  film  and  the  MgO  substrates  is 
observed.  And  there  are  no  secondary  phases  at  the  interface  or  in  the  KTN:Ti  film. 

Figure  5-5  shows  the  atomic  force  microscopy  (AFM)  images  of  KTN:Ti  films 
grown  at  different  oxygen  pressures  with  deposition  temperature  of  750°C.  The  grain 
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size  for  all  oxygen  pressures  is  on  the  order  of  400-500  nm.  It  should  be  noted  that 
micro-cracks  were  observed  due  to  stress  in  KTN:Ti  films  on  MgO  more  than  3000A  of 
thickness.  These  films  were  easily  peeled  off  due  to  residual  stress  in  film  after  film 
growth. 

The  dielectric  response  of  the  films  was  measured  using  the  interdigitated 
electrodes.  Figure  5-6  shows  the  measured  capacitance  for  KTN:Ti  films  on  MgO  single 
crystals  grown  in  various  oxygen  pressures  at  a growth  temperature  of  750°C.  Also,  film 
thicknesses  of  all  grown  films  were  fixed  around  250nm.  Therefore,  the  measured 
capacitance  values  could  be  possible  to  compare  the  KTN:Ti  films  grown  at  different 
oxygen  pressures.  Capacitance  measurements  were  made  for  an  applied  bias  voltage 
ranging  from  0 to  40  volts  and  were  performed  at  30°C  with  a measurement  frequency  of 
1MHz.  With  the  exception  of  the  film  grown  at  10"5  Torr,  the  capacitance  for  films  grown 
at  oxygen  pressures  ranging  from  50-150  mTorr  was  constant.  A reduction  in  dielectric 
constant  with  acceptor  doping  has  also  been  observed  in  (Ba,Sr)Ti03  thin  films.  Note  that 
the  high  capacitance  for  KTN:Ti  films  grown  at  10"5  Torr  reflects  the  high  loss  tangent  of 
this  film  due  to  a high  density  of  oxygen  vacancies.  Also  note  that  the  KTN:Ti  films 
grown  at  P(02)  > 50  mTorr  show  or  moderate  voltage  tunability  as  will  be  discussed  later. 

The  capacitance  of  the  titanium-doped  films  was  then  measured  at  various 
temperatures.  The  temperature  dependence  of  the  dielectric  properties  for  films  grown  at 
750°C  in  various  oxygen  pressures  was  also  measured  as  shown  in  Figure  5-7. 
Measurements  were  made  at  temperatures  ranging  from  50-240°C  at  a fixed  dc  bias  of 
10V  and  a measurement  frequency  of  1 MHz.  For  films  grown  at  P(02)  < 50mTorr,  the 
measured  capacitance  significantly  increases  as  the  measurement  temperature  increases. 
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Again,  this  reflects  the  activation  of  a high  density  of  donor  defects  in  films  grown  under 
these  conditions.  These  defects  were  electrically  active  at  higher  temperatures.  This  is 
also  reflected  in  the  dielectric  loss  measurements  discussed  later.  However,  for  films 
grown  at  oxygen  pressures  equal  to  or  greater  than  lOOmTorr,  the  capacitance  slightly 
decreases  as  temperature  increases.  This  is  the  expected  behavior  for  temperature  biasing 
a ferroelectric  material  deeper  into  the  paraelectric  regime  above  Tc. 

The  motivation  for  investigating  titanium  doping  is  to  potentially  reduce  the 
losses  due  to  defect  donor  states.  The  dielectric  loss  behavior  for  KTN:Ti  films  grown  at 
various  oxygen  pressures  is  shown  in  Figure  5-8.  Dielectric  loss  measurements  were 
carried  out  at  30°C,  at  a frequency  of  1MHz  under  an  electric  field  in  the  range  of  0- 
40kV/cm.  For  KTN:Ti  films  grown  in  vacuum,  the  dielectric  loss  is  high  and  is  quite 
sensitive  to  applied  bias  voltage.  Again,  this  reflects  a high  density  of  oxygen  vacancies 
for  films  grown  in  vacuum.  However,  the  loss  tangent  for  KTN:Ti  films  grown  with 
oxygen  pressure  greater  than  50mTorr  is  quite  low.  From  the  dielectric  loss  data,  the  loss 
tangent  for  these  films  is  estimated  to  be  less  than  0.02.  This  is  50%  lower  than  that 
found  for  Ti-free  KTN  films  grown  under  the  same  conditions. 

The  tunability  in  dielectric  response  was  measured  for  the  films  grown  under  all 
conditions,  with  particular  interest  in  those  films  grown  at  oxygen  pressures  greater  than 
or  equal  to  50mTorr,  as  these  exhibit  reasonably  low  losses.  Figure  5-9  shows  the  electric 
field  dependent  of  capacitance  and  calculated  tunability  of  the  dielectric  response  for  a 
KTN:Ti  film  grown  at  P(O2)=150  mTorr.  Measurements  were  made  at  a room 
temperature  and  a frequency  of  1MHz.  The  films  exhibit  a tunability  of  14%  for  an 
applied  electric  field  of  40kV/cm.  This  is  somewhat  smaller  than  that  observed  for  KTN 
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films  that  do  not  contain  Ti,  where  the  tunability  can  exceed  40%.  A reduction  in 
tunability  with  acceptor  doping  has  also  been  observed  in  (Ba,Sr)TiC>3  thin  films.  Figure 
5-10  is  tunability  (=(C(Eo)-C(Emax))/C(Eo)xlOO)  and  loss  tangent  of  KTN:Ti  films  grown 
on  (001)  MgO  at  different  growth  pressures  with  deposition  temperature  of  750°C. 
Capacitance  was  measured  at  20°C,  1MHz.  Tunability  of  KTN:Ti  films  decreases  as 
P(02)  increased.  Films  grown  P(C>2)  > lOOmTorr  exhibit  a tunability  on  the  order  of  10%. 
However,  loss  tangent  of  films  grown  at  P(C>2)  > lOOmTorr  are  most  relevant  as  these 
have  low  losses. 

Figure  5-1 1 shows  the  Figure  of  Merit,  which  is  also  known  as  K-factor  for 
indication  of  the  performance  for  tunable  microwave  devices.  FOM  is  calculated  by 
means  of  dividing  tunability  by  maximum  loss  tangent.  The  highest  FOM  is  observed  in 
KTN:Ti  film  grown  at  750°C  and  lOOmTorr  oxygen  atmosphere  because  FOM  is 
dominated  by  lower  loss  tangent. 

Figure  5-12  shows  capacitance  and  calculated  tunability  of  KTN:Ti  films  as  a 
function  of  measurement  temperature.  KTN:Ti  film  was  grown  on  (001)  MgO  at 
deposition  temperature  of  750°C,  and  oxygen  atmosphere  of  150mTorr.  Capacitance 
decreases  as  a measurement  temperature  increases.  Also,  tunability  decreases  as  a 
measurement  temperature  increases.  This  consists  with  paraelectric  behavior  in  the 
deeper  region  from  curie  temperature.  The  highest  tunability  is  observed  at  room 
temperature.  From  this  results,  we  can  assume  curie  temperature,  Tc,  of  KTN:Ti  film  is 
lower  than  room  temperature. 

Loss  tangents  of  undoped  KTN  and  KTN:Ti  are  compared  in  Figure  5-13.  Both 
films  were  prepared  in  same  condition.  Loss  tangent  of  undoped  KTN  increased  as  a 
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measurement  temperature  increased.  However,  loss  tangent  of  Ti  doped  KTN  had  no 
significant  change  along  with  the  measurement  temperatures.  This  result  proves  Ti  ions, 
which  were  doped  as  acceptor  ions,  effectively  trap  electron  charges  even  at  high 
temperature. 

5.4  Conclusion 

The  dielectric  properties  of  Ti  doped  KTN  films  were  studied.  The  growth 
conditions  of  KTN:Ti  films  are  a major  factor  in  determining  dielectric  properties. 
KTN:Ti  film  grown  without  oxygen  showed  high  dielectric  constant  but  with  high  loss 
tangent  due  to  oxygen  vacancies  in  KTN:Ti  film.  Tunability  of  KTN:Ti  films  grown  at 
above  oxygen  pressures  of  lOOmTorr  was  approximately  10-14%  with  loss  tangent 
around  0.02.  Tunability  and  loss  are  reduced  by  Ti  doping. 
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Figure  5-1.  XRD  results  of  KTN:Ti  films  grown  at  different  growth  temperature  with 
lOOmTorr  of  oxygen  atmosphere  and  1Hz  of  frequencies. 
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Figure  5-2.  XRD  results  of  KTN:Ti  films  grown  at  different  oxygen  pressure  with 
deposition  temperature  750°C. 
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Figure  5-3.  Four  circle  XRD  results  of  KTN:Ti  films  grown  at  lOOmTorr  oxygen  pressure 
with  deposition  temperature  750°C.  (a)  phi  scan  for  the  (1 1 1)  reflection  of 
KTN:Ti  and  MgO,  and  (b)  the  rocking  curve  of  (200)  KTN:Ti  film:  FWHM  is 
0.564°. 
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Figure  5-4.  TEM  images  of  KTN:Ti  films  grown  on  MgO  single  crystals  at  750°C  of 
growth  pressure,  and  lOOmTorr  of  oxygen  atmosphere 
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Figure  5-5.  AFM  images  of  KTN:Ti  films  grown  at  different  oxygen  pressure  with 

deposition  temperature  750°C  : (a)  vacuum,  (b)  50mTorr  (c)  lOOmTorr  and  (d) 
150mTorr 
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Figure  5-6.  Results  of  capacitance  of  KTN:Ti  films  on  MgO  single  crystals  as  a function 
of  oxygen  growth  pressure  under  0,  10,20,  35,  and  40V  dc  bias  voltage 
measured  at  30°C,  and  frequency  of  1MHz 
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Figure  5-7.  Oxygen  pressure  dependence  of  capacitance  for  KTN:Ti  fdms  on  MgO  single 
crystals  under  temperature  in  the  range  of  50  - 240°C  at  dc  bias  of  10V,  and 
frequency  of  1MHz 
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Figure  5-8.  Oxygen  pressure  dependence  of  loss  tangent  for  KTN:Ti  film  on  MgO  single 
crystal  under  dc  bias  in  the  range  of  0 - 40kV/cm  at  temperature  of  30°C,  and 
frequency  of  1MHz 
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Figure  5-9.  DC  bias  voltage  dependence  of  (a)  capacitance  and  (b)  tunability  for  KTN:Ti 
film  on  MgO  at  room  temperature  at  1MHz  frequency.  KTN:Ti  film  was 
grown  at  150mTorr  of  oxygen  with  deposition  temperature  750°C 
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Figure  5-10.  Tunability  (=(C(Eo)-C(Emax))/C(Eo)xlOO)  and  loss  tangent  of  KTN:Ti  film 
grown  on  (001)  MgO  at  different  growth  pressure  with  deposition  temperature 
750°C 
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Figure  5-11.  Figure  of  merit  (FOM=tunability/loss  tangent)  of  KTN:Ti  film  grown  on 
(001)  MgO  at  different  growth  pressure  with  deposition  temperature  750°C 
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Figure  5-12.  Capacitance  and  tunability  of  KTN:Ti  film  as  a function  of  measurement 

temperature.  KTN:Ti  film  was  grown  on  (001)  MgO  at  deposition  temperature 
750°C,  and  150mTorr  of  oxygen  atmosphere 
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Figure  5-13.  Comparison  of  loss  tangent  of  undoped  KTN  and  KTN:Ti  fdm  as  a function 
of  measurement  temperature.  Both  films  were  grown  on  (001)  MgO  at  750°C 
of  deposition  temperature,  and  lOOmTorr  of  oxygen  atmosphere  for  lhr.  (■: 
loss  tangent  of  KTN,  •:  loss  tangent  of  KTN:Ti  films) 


CHAPTER  6 

LOW  DIELECTRIC  LOSSES  IN  ANNEALED  TI-DOPED  K(TA,NB)03  THIN  FILMS 
GROWN  BY  PULSED  LASER  DEPOSITION 

6.1  Introduction 

In  previous  chapter  5,  we  studied  dielectric  properties  of  as-deposited  KTN:Ti 
films  on  (001)  MgO  substrates  with  various  conditions  such  as  changing  growth 
temperature,  growth  pressure  of  KTN:Ti  films. 

In  this  chapter,  we  will  focus  on  dielectric  properties  of  KTN:Ti  films  on  (001) 
MgO  substrates  by  annealing  the  films  at  various  temperatures  for  2hrs  in  oxygen 
ambient.  Growth  conditions  were  optimized  to  750°C  of  growth  temperature,  lOOmTorr 
of  oxygen  pressure,  and  250nm  of  film  thickness. 

6.2  Experimental  Methods 

First,  KTN:Ti  films  were  grown  on  single  crystal  (OOl)-oriented  MgO  substrates. 
The  substrates  were  ultrasonically  cleaned  with  trichloroethylene,  acetone,  and  methanol, 
and  blown  dry  with  compressed  N2.  In  order  to  compensate  for  K loss  during  in  situ  film 
growth,  segmented  KTN:Ti/KN03  ablation  targets  were  used.  A KrF  (248nm)  laser  was 
used  as  the  ablation  source.  The  laser  repetition  rate  was  1Hz  with  an  energy  density  of 
5J/cm2.  Target  to  substrate  distance  was  fixed  at  4cm.  KTN:Ti  films  were  deposited  at 
750°C,  and  lOOmTorr  of  oxygen  pressure.  Film  thickness  was  measured  with  a step 
profilometer.  For  this  study,  film  thickness  was  maintained  at  approximately  250nm. 
After  KTN:Ti  film  growth,  the  films  were  placed  inside  tube  furnace  to  be  annealed  in 
oxygen  atmosphere.  Oxygen  ambient  was  created  by  flowing  oxygen  of  50sccm  from  one 
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side  of  quartz  tube  through  thermal  heating  zone.  Ramping  speed  of  temperature  was 
5°C/min  to  desired  annealing  temperature,  and  then  temperature  was  held  to  2 hrs. 
Cooling  down  was  conducted  as  same  speed  as  ramping  up.  For  dielectric  measurements, 
Al/Cr  interdigitated  electrodes  were  then  deposited  via  RF  sputtering.  The  electrode 
pattern  was  defined  using  lift  off  photolithography.  The  annealed  KTN:Ti  films  were 
characterized  by  x-ray  diffraction  (XRD),  atomic  force  microscopy  (AFM),  and 
capacitance  measurements. 

6.3  Results  and  Discussion 

Epitaxial  KTao.524Nbo.446Tio.03O3  (KTN)  thin  films  were  grown  at  750°C  in  100 
mTorr  of  oxygen  pressure.  Figure  6-1  shows  the  results  from  0-20  x-ray  diffraction 
(XRD)  measurements  using  Cu  Ka  radiation  at  40kV  and  20mA  for  KTN:Ti  films  grown 
on  (001)  MgO  and  annealed  at  different  temperatures  ranging  from  800  - 1000°C  in 
oxygen  ambient.  The  deposition  temperature  was  750°C  for  all  films  considered  in  Figure 
6-1.  The  XRD  results  indicate  good  crystallinity  for  all  of  these  annealed  KTN:Ti  films. 
The  films  are  mostly  (001)  oriented,  with  only  a small  KTN  (110)  peak  observed  in  the 
diffraction  pattern  up  to  900°C  of  annealing  temperature.  The  Ag  peak  is  from  the  Ag 
paint  used  in  mounting  the  substrates  on  the  heater  platen.  However,  secondary  phases  of 
KTN:Ti  film  were  exhibited  in  XRD  result  of  KTN:Ti  film  annealed  at  1000°C  for  2hrs. 
These  secondary  phases  were  resulted  from  decomposition  of  potassium  during  annealing 
at  high  temperature. 

Figure  6-2  shows  lattice  constant  of  KTN:Ti  films  as  a function  of  annealing 
temperature.  As  annealing  temperature  increased,  lattice  constants  of  KTN:Ti  film 
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increased  to  reduce  strain  caused  by  lattice  mismatch  between  MgO  (a=4.210A)  and 
KTN:Ti. 

The  epitaxial  relationship  of  the  annealed  Ti-doped  KTN  films  on  the  (001)  MgO 
substrate  was  investigated  using  four-circle  XRD.  Figure  6-3  shows  an  in-plane  <(>-scan 
through  the  KTN:Ti  (111)  reflection  for  a film  grown  at  750°C  in  100  mTorr  O2  and  then 
annealed  at  900°C  for  2hrs.  The  full-width  half-maximum  of  the  9 peak  is  2.689°. 
Despite  the  lattice  mismatch  between  the  KTN  film  and  MgO  substrate,  the  <j)-scan 
indicates  cube-on-cube  in-plane  alignment  of  the  KTN:Ti  film  on  the  MgO  substrate. 
Also  shown  in  Figure  6-3  is  the  rocking  curve  for  the  KTN:Ti  (200)  peak.  The  full-width 
half-maximum  (FWHM)  of  the  KTN:Ti  (200)  peak  is  0.566°.  The  FWHM  of  annealed 
KTN:Ti  film  is  similar  to  that  of  unannealed  KTN:Ti.  The  annealing  of  KTN:Ti  film  at 
900°C  does  not  change  in  crystal  qualities  compared  to  the  unannealed  KTN:Ti  film. 

Figure  6-4  shows  AFM  images  of  as  - deposited  and  annealed  KTN:Ti  films. 
Surface  morphologies  of  annealed  KTN:Ti  film  started  to  change  with  a 900°C  anneal. 
Grain  size  of  KTN:Ti  film  increased  as  annealing  temperature  increased.  After  annealing 
at  1000°C,  large  grains  were  observed.  Grain  size  increased  from  250nm  to  lum 
compared  to  as-deposited  and  KTN:Ti  film  annealed  at  1000°C.  Also,  small  second 
phases  were  observed  on  the  surface  and  grain  boundaries  of  KTN:Ti  film  annealed  at 
1000°C  for  2 hrs.  The  appearance  of  these  second  phases  correleates  with  unknown  peaks 
in  XRD  (Figure  6-1 .). 

The  dielectric  response  of  the  films  was  measured  using  the  interdigitated 
electrodes.  The  temperature-dependent  tunability  of  titanium-doped  films  annealed  at 
various  temperatures  is  shown  in  Figure  6-5.  The  KTN:Ti  films  were  annealed  at  800  and 
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900  C for  2hrs.  Tunability  of  annealed  KTN:Ti  film  is  clearly  lower  than  as-deposited 
KTN:Ti  films  on  MgO.  Measurements  were  made  at  temperatures  ranging  from  20  - 
260°C  and  a measurement  frequency  of  1MHz.  For  films  at  higher  temperatures,  the 
tunability  clearly  decreases  with  increasing  annealing  temperature.  The  decrease  in 
tunability  with  increasing  measurement  temperature  is  consistent  with  temperature 
biasing  a ferroelectric  material  deeper  into  the  paraelectric  regime  above  Tc. 

The  primary  motivation  for  investigating  titanium  doping  is  to  reduce  the  losses 
due  to  defect  donor  states.  The  dielectric  loss  behavior  for  KTN:Ti  films  annealed  at 
various  temperatures  is  shown  in  Figure  6-6.  Loss  tangent  measurements  were  carried  out 
over  a temperature  range  of  20-260°C,  at  a frequency  of  1MHz  under  a dc  bias  of  0V 
with  oscillation  voltage  of  0.1V.  The  films  were  annealed  for  2 hrs.  For  KTN:Ti  films 
annealed  in  oxygen,  the  loss  tangent  is  clearly  reduced  with  annealing  in  oxygen  ambient. 
This  reflects  both  a reduction  in  oxygen  vacancies  and  an  activation  of  the  Ti  as  an 
acceptor  impurity.  From  the  dielectric  response,  the  loss  tangent  for  films  annealed  at 
900°C  is  as  low  as  0.002.  This  is  significantly  lower  than  that  found  for  unannealed  Ti- 
KTN  films  grown  under  the  same  conditions.  The  films  show  little  change  in  loss  with 
increasing  temperature,  again  indicative  of  a reduction  in  donor  states  due  to  defects. 

Figure  6-7  shows  the  capacitance  and  Figure  of  merit  for  a KTN:Ti  film  on  MgO 
annealed  at  900°C  for  2hrs  as  a function  of  electric  field.  The  KTN:Ti  film  on  MgO  was 
grown  at  750°C  with  lOOmTorr  of  oxygen  ambient.  The  observed  tunability  is  lower 
than  that  observed  for  films  without  Ti,  although  the  dielectric  loss  is  lower.  Capacitance 
measurements  were  made  for  an  applied  bias  voltage  ranging  from  -40  to  40  volts  and 
were  performed  at  20°C  with  a measurement  frequency  of  1 MHz.  The  titanium  doping 
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yields  a lower  dielectric  constant  relative  to  the  undoped  material.  A reduction  in 
dielectric  constant  with  acceptor  doping  has  also  been  observed  in  (Ba,Sr)Ti03  thin  films. 

Figure  6-8  shows  the  capacitance  of  KTN:Ti  film  on  (001)  MgO  substrate,  which 
was  annealed  at  900°C  for  2hrs.  The  capacitance  measurement  was  conducted  in  a 
temperature  ranging  20  - 260°C  under  different  electric  fields.  The  measured  capacitance 
of  KTN:Ti  film  decreased  as  temperature  increased.  This  is  consistent  with  paraelectric 
behavior  far  removed  from  the  ferro  - and  paraelectric  transition  temperature,  Tc. 

Figure  6-9  shows  the  dielectric  loss  of  KTN:Ti  film  annealed  at  900°C  for  2hrs  in 
oxygen  ambient  as  a function  of  different  measurement  temperatures  under  different 
electric  field.  Difference  in  loss  ((Loss(Eo)-Loss(Emax))/Loss(Eo)  x 100)  at  20°C  was  13%. 
This  difference  decreased  as  temperature  increased.  The  dielectric  loss  was  changed  from 
0.0027  at  20°C  to  0.0001  at  240°C.  The  dielectric  loss  of  KTN:Ti  film  significantly 
decreased  as  measurement  temperature  increased. 

FOM  of  as-deposited  KTN:Ti  film  and  annealed  KTN:Ti  film  was  shown  in 
Figure  6-10.  KTN:Ti  film  was  annealed  at  900°C  with  oxygen  ambient.  Tunability  of  as- 
depostied  film  was  higher  than  that  of  annealed  KTN:Ti  film  (Figure  6-5.).  However, 
dielectric  loss  of  annealed  KTN:Ti  film  was  lower  than  that  of  as-deposited  KTN:Ti  film. 
Therefore,  FOM  of  annealed  KTN:Ti  film  was  better  than  that  of  as-deposited  KTN:Ti 
film  in  overall  range  of  measurement  temperatures. 

6.4  Conclusion 

The  dielectric  properties  of  annealed  Ti  doped  KTN  films  were  studied.  The 
annealing  treatment  of  KTN:Ti  films  significantly  influences  the  dielectric  properties. 
As-deposited  KTN:Ti  films  show  relatively  high  dielectric  loss  due  to  oxygen  vacancies. 
By  annealing  in  oxygen,  the  dielectric  loss  and  tunability  are  reduced. 
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Figure  6-1.  XRD  results  of  KTN:Ti  films  annealed  at  different  temperatures.  KTN:Ti 
films  were  grown  at  750°C  of  deposition  temperature,  and  lOOmTorr  of 
oxygen  pressure 
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Figure  6-2.  Lattice  spacing  of  KTN:Ti  films  annealed  at  different  temperatures 
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Figure  6-3.  Four  circle  XRD  results  of  KTN:Ti  film  annealed  at  900°C  for  2hrs.  KTN:Ti 
film  was  grown  at  lOOmTorr  oxygen  pressure  with  deposition  temperature 
750°C.  (a)  phi  scan  for  the  (1 10)  reflection  of  KTN:Ti  and  MgO,  and  (b)  the 
rocking  curve  of  (200)  KTN:Ti  film:  FWHM  is  0.566° 
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Figure  6-4.  AFM  images  of  KTN:Ti  films  annealed  at  different  temperature  with  oxygen 
ambient  for  2hrs.  Growth  condition  of  KTN:Ti  films  were  750°C  deposition 
temperature,  lOOmTorr  of  oxygen  pressure  and  1 Hz  of  frequencies  : (a) 
without  annealing,  (b)  annealed  at  800°C,  (c)  annealed  at  900°C,  and  (d) 
annealed  at  1000°C 
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Figure  6-5.  Results  of  tunabilities  of  as-deposited  and  annealed  KTN:Ti  films  as  a 

function  of  measurement  temperature.  Tunability  ((C(Eo)-C(Emax))/C(Eo)  x 
100)  was  measured  at  0 - 40kV/cm  of  electric  field  range,  1MHz  frequency 


Dielectric  loss 


105 


Figure  6-6.  Results  of  dielectric  loss  of  as-deposited  and  annealed  KTN.Ti  films  as  a 
function  of  measurement  temperature 
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Figure  6-7.  Results  of  capacitance  and  FOM  for  KTN:Ti  film  on  MgO  annealed  at  900°C 
for  2hrs  at  room  temperature  as  a function  of  electric  field 
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Figure  6-8.  Temperature  dependence  of  capacitance  for  KTN:Ti  film  on  MgO  at 

temperature  of  20°C  at  1 MHz  frequency  under  different  electric  field  ranging 
0 - 40kV/cm.  KTN:Ti  film  was  grown  at  lOOmTorr  of  oxygen  with  deposition 
temperature  750°C  and  then  annealed  at  900°C  for  2hrs 
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Figure  6-9.  Temperature  dependence  of  dielectric  loss  for  KTN:Ti  fdm  on  MgO  at 

temperature  of  20°C  at  1 MHz  frequency  under  different  electric  field  ranging 
0 - 40kV/cm.  KTN:Ti  film  was  grown  at  lOOmTorr  of  oxygen  with  deposition 
temperature  750°C  and  then  annealed  at  900°C  for  2hrs 
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Figure  6-10.  Comparison  of  FOM  of  as  - deposited  and  900°C  annealed  KTN:Ti  films  on 
MgO  with  different  measurement  temperature  at  1 MHz  frequency 


CHAPTER  7 

THICKNESS  DEPENDENT  TUNABILITY  FOR  TI-DOPED  K(TA,NB)03  FILM  BY 

PLD 

7.1  Introduction 

Ferroelectric  materials  have  been  widely  investigated  for  its  useful  properties, 
which  could  be  applied  for  optical  wave-guide,  ferroelectric  random  access  memory,  and 
tunable  microwave  devices  llM14.  Among  the  materials  of  interest,  K(Ta,Nb)03  has 
intriguing  structural  and  electric  properties  for  many  applications.  KTa03  is  a paraelectric 
material  with  a cubic  structure  (a=  3.9885)  at  all  temperatures.  KNb03  is  a ferroelectric 
with  a curie  temperature  of  704K  and  three  structural  phase  transition  temperatures  119. 
KTa03  and  KNb03  form  a solid  solution,  namely  KTai_xNbx03.  The  dielectric  and 
structural  properties  of  K(Ta,Nb)03  have  motivated  activity  to  investigate  the  properties 
of  K(Ta,Nb)03  films  for  tunable  microwave  application  such  as  phase  filters,  frequency- 
agile  filters,  voltage-controlled  oscillators,  and  antennas  128,129.  For  tunable  microwave 
applications,  a high  dielectric  constant,  relatively  low  dielectric  loss,  large  electric  field 
nonlinearity,  and  high  figure  of  merit  are  required.  As  the  thickness  of  dielectric  thin  film 
materials  is  decreased,  dielectric  properties  often  modified.  There  are  several  factors  that 
contribute  to  deviations  from  bulk-like  properties,  including;  growth  conditions,  crystal 
quality,  strain  at  the  interface,  and  dead  layer  near  the  interface  20,130"131. 

There  have  been  numerous  studies  on  size  effects  that  modify  the  effective 
dielectric  constant  in  ferroelectric  thin  films  132’133.  According  to  the  studies  of  Zhou  and 
Newns  l 34,  and  Natori  et  al  l35,  the  surfaces  of  high  dielectric  films  have  a low 


110 


Ill 


permittivity  layer  due  to  an  intrinsic  dead  layer  13°.  Thickness  of  this  intrinsic  dead  layer 
is  established  to  be  on  the  order  of  lnm.  However,  changes  in  dielectric  properties  are 
observed  for  film  thicknesses  much  larger  than  this.  In  the  previous  works,  we 
investigated  the  dielectric  properties  of  acceptor  ion  (Ti)  doped  KTN  thin  films136.  In  this 
study,  the  thickness  dependent  dielectric  properties,  namely  the  tunability,  of  KTN:Ti 
thin  films  is  reported. 

7.2  Experimental  Methods 

The  epitaxial  Ti-doped  K(Ta,Nb)03  films  were  grown  using  pulsed  laser 
deposition.  The  chosen  solid  solution  was  KTao.524Nbo.446Tio.03O3.  The  bulk  ferroelectric 
transition  temperature  for  a solid  solution  with  an  equivalent  Ta/Nb  ratio 
(KTao.54Nbo.46O3)  is  70°C.  KTa0.524Nb0.446Ti0.03O3  (KTN:Ti)  ablation  targets  were 
synthesized  with  raw  materials  of  K2CO3,  Ta20s,  M^Os,  and  Ti02by  solid  state  reaction. 
The  powders  were  calcined  to  remove  carbonate  and  form  KTN:Ti  in  air  at  900°C  for  4 
hrs.  And  then  the  reacted  powders  were  reground,  pressed,  and  sintered  at  1 150°C  for  an 
additional  20  hrs. 

KTa0.524Nb0.446Ti0.03O3  films  were  grown  on  single  crystal  (OOl)-oriented  MgO 
substrates.  Prior  to  film  growth,  the  one-side  polished  MgO  substrates  were  ultrasonically 
cleaned  with  trichloroethylene,  acetone,  and  methanol,  and  blown  dry  with  compressed 
N2.  In  order  to  compensate  for  K loss  during  in  situ  film  growth,  segmented 
KTN:Ti/KN03  ablation  targets  were  used.  A KrF  (248nm)  laser  was  used  as  the  ablation 
source.  The  laser  repetition  rate  was  1Hz  with  an  energy  density  of  5J/cm'.  Target  to 
substrate  distance  was  fixed  at  4cm.  Prior  to  growth,  the  ablation  target  was  cleaned  by 
pre-ablating  2000  shots.  KTN:Ti  films  were  deposited  at  750°C  with  lOOmTorr  of 
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oxygen  pressure.  Film  thickness  was  measured  with  a step  profilometer.  For  this  study, 
film  thickness  was  chosen  to  be  90,  180,  250nm.  For  dielectric  measurements,  Al/Cr 
interdigitated  electrodes  were  then  deposited  via  RF  sputtering.  The  electrode  pattern 
was  defined  using  lift  off  photolithography.  The  length  of  electrode  fingers  was  1mm,  the 
finger  width  was  10pm.  Distance  between  the  fingers  was  10pm.  The  KTN:Ti  films  were 
characterized  by  x-ray  diffraction  (XRD),  atomic  force  microscopy  (AFM),  and 
capacitance  measurements.  The  capacitance  measurements  included  the  application  of  a 
DC  bias  voltage  in  order  to  probe  dielectric  tunability.  The  measurements  were 
performed  in  air  at  1 MHz  over  a temperature  range  of  20  - 260°C  using  an  Agilent 
4284A  precision  LCR  meter. 

7.3  Results  and  Discussion 

Films  grown  under  the  prescribed  conditions  were  epitaxial  with  respect  to  the 
(100)  MgO  substrate.  Figure  7-1  shows  X-ray  diffraction  results  of  KTN:Ti  film  on  MgO. 
The  (00/)  peaks  for  KTN:Ti  film  are  clearly  observed  in  all  of  XRD  results.  The  intensity 
of  (001)  peak  of  KTN:Ti  film  on  MgO  increased  as  film  thickness  increased.  Four-circle 
x-ray  diffraction  O-scan  data  shows  that  the  KTN:Ti  films  were  in-plane  aligned  on  (001) 
MgO.  The  full  width  at  half  maximum  (FWHM)  of  the  omega  scan  peaks  for  the  (002) 
KTN:Ti  reflection  was  0.56°. 

Figure  7-2  shows  AFM  images  of  the  KTN:Ti  films  on  MgO  substrates.  AFM 
images  were  obtained  with  a 3 x 3pm  scan  area  of  surface  using  contact  mode.  The  root- 
mean-square  (rms)  roughness  of  KTN:Ti  films  ranged  from  9.9  to  12.1  nm.  Grain  sizes 


were  on  the  order  of  1 00-200  nm. 
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The  dielectric  properties  were  measured  at  1MHz  frequency.  A dc  bias  of  ± 
40kV/cm  electric  field  was  applied  to  probe  tunability.  The  measurement  temperature 
ranged  for  25  - 260°C.  Figure  7-3  shows  interdigitated  electrode  capacitance  as  a function 
of  KTN:Ti  film  thickness.  As  expected,  the  capacitance  of  the  KTN:Ti  film  increased  as 
thickness  of  the  film  increased.  At  elevated  temperatures,  capacitance  values  of  KTN:Ti 
film  were  lower  than  that  measured  at  room  temperature,  irrespective  of  the  thickness  of 
KTN:Ti  films.  This  is  consistent  with  a paraelectric  material  that  is  temperature  tuned  to 
just  above  the  Curie  temperature. 

Figure  7-4  shows  capacitance  data  of  KTN:Ti  films  on  MgO  (100)  as  a function 
of  applied  electric  field  up  to  ± 40kV/cm  with  different  film  thicknesses.  The  capacitance 
tuning  with  applying  electric  field  was  small  for  the  KTN:Ti  film  with  thickness  of  90mn. 
This  capacitance  tuning  increased  as  film  thickness  increased.  Also,  capacitance  values 
increased  as  film  thicknesses  increased. 

The  tunability  of  the  KTN:Ti  films  are  shown  in  Figure  7-5.  The  tunability  is 
calculated  using  following  equation. 

Tunability(% ) = C(Q)  ~ C(£"^  x 100 
C(0) 

where  C(0)  is  the  zero-field  capacitance,  C(Emax)  is  the  capacitance  under  maximum  bias. 
Tunability  increased  as  KTN:Ti  film  thickness  increased.  Tunabilities  of  the  KTN:Ti  thin 
film  structures  were  3.8,  8.2,  and  10.3%  for  film  thicknesses  of  90nm,  180nm,  and 
250nm,  respectively. 

The  interdigitated  electrode  capacitance  measurements  obvious  include  the 
effects  of  the  film,  substrate,  and  air.  A simple  approximation  is  to  assume  a parallel 
capacitor  model  as  shown  in  the  Figure  7-6.  If  one  changes  the  film  thickness,  the  only 
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parameter  in  this  model  that  changes  is  C2.  If  one  assumes  that  the  capacitance  from  the 
film  is  proportional  to  film  thickness,  one  predicts  a linear  relationship  between 
capacitance  and  film  thickness.  This  is  what  is  observed  in  Figure  7-3.  From  this,  one  can 
extract  the  parasitic  capacitance  from  the  air  and  substrate  for  the  particular  interdigitated 
electrode  configuration.  For  the  devices  considered,  this  yields  a parasitic  capacitance  of 
1.1 8pF.  If  this  becomes  possible  to  compare  the  change  in  capacitance  with  applied 
electric  field  to  the  capacitance  due  to  the  field,  assuming  that  the  contribution  to 
tunability  from  the  substrate  is  minimal,  one  can  more  effectively  compare  tunability  for 
films  with  different  thickness  through  the  parameter  shown  in  Figure  7-7. 


Tunability  = 


Cf(  0) 


Using  this,  we  get  the  following  (called  intrinsic  tunability) 
t=90nm  =>  tunability=  7.6% 

1 80nm  =>  tunability=  1 1 .6% 

250nm  =>  tunability=  10.9% 
where  Cf  is  the  capacitance  of  thin  film. 

Note  that  the  intrinsic  tunability  for  the  two  thicker  films  is  essentially  the  same, 
which  to  some  degree,  justifies  the  approximations  used  in  this  analysis.  Second,  the 
tunability  for  the  90nm  thick  film  is  notably  smaller  than  for  the  thicker  films.  This  would 
suggest  that  the  electrostatic  displacements  that  yield  dc  tunability  of  the  dielectric 
constant  experience  some  degree  of  pinning  in  the  thinner  film. 

The  Figure  of  Merit  (FOM)  was  used  to  evaluate  the  material  properties  for 


tunable  microwave  devices. 
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Figure  7-8  shows  the  FOM  of  KTN:Ti  films  on  (001)  MgO  as  a function  of 
applied  electric  field  upto  40kV/cm.  The  FOM  values  at  40kV/cm  are  4.2,  8.4,  and  8.5 
for  90nm,  180nm,  250nm  thickness  of  KTN:Ti  film,  respectively.  There  is  no  change  in 
FOM  for  KTN:Ti  film  thickness  above  180nm. 

Figure  7-9  shows  the  capacitance  results  of  the  KTN:Ti  film  structures  as  a 
function  of  measurement  temperature.  Capacitances  of  each  of  samples  decrease  as 
measurement  temperature  is  increased.  This  is  consistent  of  paraelectric  behavior  in  a 
deeper  region  from  the  transition  temperature  (Tc).  Also,  the  capacitance  was  higher  in 
the  thicker  film.  Mostly,  capacitances  are  a function  of  thickness.  Also,  the  transition 
temperature  of  these  KTN:Ti  films  would  be  lower  than  room  temperature. 

Figure  7-10  shows  the  loss  tangent  5 results  as  a function  of  measurement 
temperature.  The  dielectric  loss  in  90nm  thickness  of  KTN:Ti  film  was  below  0.0095 
over  the  measurement  temperature  range  up  to  260°C.  However,  dielectric  losses 
increased  as  film  thickness  increased.  In  180nm  and  250nm  thickness  of  KTN:Ti  films, 
dielectric  losses  increased  as  the  measurement  temperature  increased.  This  behavior 
resulted  from  thermally  activated  electrons  by  oxygen  vacancies.  The  number  of  defects 
(or  density  of  defects)  such  as  oxygen  vacancies  increased  as  film  thickness  increased. 
Therefore,  dielectric  loss  was  higher  in  thicker  KTN:Ti  film.  However,  overall  dielectric 
losses  were  below  0.017  over  the  temperature  ranging  up  to  260°C. 

Figure  7-1 1 shows  the  tunability  of  KTN:Ti  film  on  MgO  as  a function  of 
measurement  temperature.  Tunabilities  decreased  as  temperature  increased.  In  thicker 
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film,  tunability  variance  was  larger  than  in  thinner  film  from  room  temperature  up  to 
260°C. 

Figure  7-12  shows  the  FOM  of  KTN:Ti  film  on  MgO  as  a function  of  capacitance 
measurement  temperature.  The  FOM  also  decreased  as  temperature  increased.  In  higher 
temperature  range,  the  tunabilities  of  KTN:Ti  films  with  different  film  thickness  were 
closed  each  other  than  in  low  temperature  range.  Also,  there  are  no  big  difference  in 
FOM  value  of  KTN:Ti  films  of  180nm,  and  250nm  thickness  in  low  temperature  region. 

7.4  Summary 

In  this  study,  KTN:Ti  films  with  different  thicknesses  were  grown  on  (001)  MgO 
substrates  in  a condition  of  750  °C  of  growth  temperature,  and  100  mTorr  of  oxygen 
ambient.  The  dielectric  properties  of  these  films  were  measured  using  Agilent  HP  4284A 
precision  LCR  meter  at  ± 40kV/cm,  1MHz  frequency  under  different  measurement 
temperatures.  Thicker  KTN:Ti  film  shows  the  higher  capacitance  than  thinner  KTN:Ti 
film.  Also,  tunability  of  KTN:Ti  film  increased  as  film  thicknesses  increased.  Although 
dielectric  loss  is  higher  in  thicker  film,  FOM  in  thicker  film  is  higher  than  in  thinner  film. 
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Figure  7-1.  XRD  results  of  KTN:Ti  films  on  (100)  MgO  substrates  grown  at  750  °C,  100 
mTorr  of  oxygen  ambient  with  different  film  thicknesses 
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Figure  7-2.  AFM  images  for  surface  morphologies  of  KTN:Ti  films  on  (100)  MgO 

substrates  : (a)  90  nm,  (b)  180  nm,  and  (c)  250  nm  of  KTN:Ti  film  thickness. 
AFM  images  taken  in  area  of  3 x 3 pm  using  contact  mode 
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Figure  7-3.  Capacitance  as  a function  of  the  thickness  of  KTN:Ti  film  under  different 
measurement  temperatures 


Capacitance  (F) 
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Figure  7-4.  Capacitance  data  of  KTN:Ti  films  on  MgO  (100)  as  a function  of  applying 
electric  field  up  to  ± 40kV/cm  with  different  film  thicknesses 
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Figure  7-5.  Tunabilities  of  KTN:Ti  films  as  a function  of  electric  field  with  different  film 
thicknesses 
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Figure  7-6.  Simplified  IDC  structure  of  KTN:Ti  films  on  MgO  substrate 
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Figure  7-7.  The  extracted  intrinsic  tunability  of  the  KTN:Ti  films  as  a function  of  electric 


field  with  different  film  thicknesses 
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Figure  7-8.  FOM  of  KTN:Ti  films  as  as  a function  of  electric  field  with  different  film 
thicknesses 
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Figure  7-9.  Capacitance  results  of  KTN:Ti  film  grown  at  750°C  and  lOOmTorr  oxygen 
ambient  on  (001)  MgO  substrate  as  a function  of  capacitance  measurement 
temperature 


Dielectric  loss 
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Figure  7-10.  Dielectric  loss  of  KTN:Ti  film  as  a function  of  capacitance  measurement 
temperatures  under  different  film  thicknesses 
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Figure  7-1 1 . Tunability  of  KTN:Ti  film  as  a function  of  capacitance  measurement 
temperatures  under  different  film  thicknesses 
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Figure  7-12.  FOM  of  KTN:Ti  film  as  a function  of  capacitance  measurement 
temperatures  under  different  film  thicknesses 


CHAPTER  8 
SUMMARY 

KTa03,  KNbCb  and  solid  solution  K(Ta,Nb)03  are  very  interesting  materials  with 
wide  application  areas  because  of  their  unique  electric  properties.  The  first  part  of  the 
research  was  focused  to  achieve  an  atomically  flat  surface  with  a unit  cell  step  height  on 
the  surface  of  a (001)  KTaCb  single  crystal.  The  combination  of  etching  and  annealing  of 
(001)  KTa03  removed  effectively  the  surface  potassium  hydroxide,  and  reconstructed  the 
surface  via  annealing.  Surface  steps  were  observed  at  the  condition  of  15  min  etching  in 
BOE  and  then  followed  by  annealing  in  air  at  700°C  for  3 or  4hrs.  However,  longer 
etching  times  and  higher  annealing  temperatures  caused  a roughening  of  the  surface  and 
the  formation  of  particulates  on  the  surface  of  the  KTa03  (100)  face. 

The  second  part  of  the  research  was  to  fabricate  a semiconducting  KTaC>3  film  by 
cation  and  defect  doping  to  use  as  a channel  in  epitaxial  FET  devices.  However,  unlike 
SrTi03_x,  semiconducting  behavior  was  not  shown  for  the  films  grown  in  vacuum. 
Nevertheless,  epitaxially  grown  KTaC^iCa  films  grown  at  30  mTorr  partial  pressure  of 
96%  Ar / 4%  H2  atmosphere  and  700  °C  growth  temperature  were  semiconducting.  The 
resistivity  of  the  KTa03:Ca  film  was  10.4  Qcm  at  room  temperature  and  showed  n-type 
semiconducting  behavior. 

The  third  part  of  the  research  was  investigating  dielectric  properties  of  Ti  doped 
K(Ta,Nb)03  thin  films  for  tunable  microwave  applications.  For  this  purpose,  growth 
conditions,  thickness,  and  annealing  conditions  of  KTN:Ti  films  were  investigated. 
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To  achieve  optimal  growth  conditions,  KTN:Ti  films  were  grown  at  different 
oxygen  partial  pressures.  KTN:Ti  film  grown  in  vacuum  at  750°C  showed  high  tunability. 
However,  this  film  also  had  a high  loss  tangent  due  to  oxygen  vacancies.  KTN:Ti  films 
grown  at  oxygen  pressure  of  lOOmTorr  and  growth  temperature  of  750°C  had  a better 
figure  of  merit  compared  to  films  grown  under  other  conditions.  This  film  showed  10% 
tunability  at  a 40kV/cm  electric  field,  1 MHz  frequency,  and  at  room  temperature.  Its  loss 
tangent  was  around  0.02.  Compared  to  an  undoped  KTN  film,  a Ti  doped  KTN  film  has  a 
lower  loss  tangent  and  is  temperature  independent  by  trapping  electrons  effectively. 

For  a thickness  effect  for  dielectric  properties  of  a KTN:Ti  film,  the  KTN:Ti  films 
were  synthesized  at  lOOmTorr  and  750°C  with  different  film  thickness.  Due  to  size  effect, 
thinner  KTN:Ti  films  showed  a smaller  tunability  and  loss  tangent  than  thicker  films. 
However,  the  figure  of  merit  of  KTN:Ti  film  was  larger  in  a thicker  KTN:Ti  film. 

The  dielectric  properties  of  Ti  doped  KTN  films  were  studied  by  annealing  in 
oxygen  ambient.  The  annealing  treatment  of  KTN:Ti  films  significantly  influenced  the 
dielectric  properties.  As-deposited  KTN:Ti  films  showed  relatively  high  dielectric  loss 
due  to  oxygen  vacancies.  However,  KTN:Ti  films  annealed  at  900°C  for  2hrs  in  oxygen 
had  a lower  dielectric  loss  and  tunability  at  room  temperature,  0.0027,  and  3.8%, 
respectively.The  figure  of  merits  (FOM)  of  annealed  KTN:Ti  film  had  higher  values  in 
all  of  the  measurement  temperature  ranges  than  that  of  unannealed  KTN:Ti  film. 
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